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Abstract 
In the agricultural industry, farmers are continually searching for ways to improve animal 
production. Developing a more efficient digestive system is one such way that this can be achieved. 
In domesticated ruminants such as sheep and cattle, the feed material is initially digested in the 
largest and most prominent compartment of the alimentary canal: the rumen. The rumen is 
populated by a complex community of microorganisms that are capable of degrading the tough 
fibrous components of the plant cell wall, releasing fermentable and digestible carbohydrates, 
proteins, lipids and nucleic acids. Probiotics, defined as “live microorganisms that, when 
administered in adequate amounts, confer a health benefit on the host”, have been used as a means 
to influence the rumen microbial community to improve the efficiency of feed digestion. 
In this study we cultivate the probiotic Bacillus amyloliquefaciens strain H57 as an 
inoculum, to be added to pelleted animal feed in concentrations of 109 cfu kg-1 (Chapter 2). To 
determine the genetic makeup of H57, its genome was sequenced (Chapter 3). The sequence 
analysis revealed a number of antimicrobial lipopeptides and polyketides, which if expressed in the 
rumen could significantly alter the rumen microbial community. Other genes of interest within the 
H57 genome include a number of carbohydrate degrading enzymes as well as those involved with 
nitrate reduction, which has been recognised as a potential alternative electron acceptor under 
anaerobic conditions such as the rumen. 
The H57 inoculum was administered in two animal feeding trials, one using pregnant 
Dorper ewes and the other using newborn dairy calves. In both instances a significant increase in 
weight gain was observed in the H57 fed animals compared to the control group. As a means to 
understand how H57 benefits these animals, the rumen microbial community was profiled by 
sequencing PCR amplicons of the 16S rRNA gene (Chapter 4). Analysis of the calf rumen 
microbiome did not reveal any significant differences between the control calves and those that 
were fed H57 for eight weeks. The only differences in the rumen community occurred between the 
initial sampling at four weeks and after weaning at eight weeks. In the sheep, however, there was a 
clear shift in microbial community structure between the control and H57 fed sheep. In both the 
control and H57 fed sheep the most abundant bacterial populations were Prevotella, although 
different species were dominant in each treatment group. The H57 fed sheep also had an abundance 
of Roseburia. 
Further analysis into the genetic potential and functionality of differentially abundant rumen 
microorganisms was performed on the sheep samples using metagenomic and metatranscriptomic 
sequencing. It was found that in the H57 fed sheep the rumen microbial community had an 
increased expression of hemicellulolytic enzymes, including β-glucosidase/β-galactosidase, α-
galactosidase and L-arabinose isomerase. As hemicellulose contributes a significant portion of plant 
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cell wall biomass (20-30%), an increase in hemicellulolytic enzymes could contribute to an increase 
in energy and microbial biomass. This could lead to the increased weight gain observed in the H57 
fed sheep. The H57 fed sheep also showed an overall increased expression of enzymes involved in 
glycolysis, suggesting an increased conversion of sugars into energy substrates such as VFAs. 
However, as Le et al. (2016b) observed, total VFA concentration was not higher in the H57 fed 
sheep, but in fact was significantly lower (P = 0.02) than the control ewes.  
The findings of this study suggest that the addition of H57 to pelleted feed stimulates rumen 
microbial populations to express greater quantities of hemicellulolytic and glycolysis pathway 
enzymes, compared to those in animals fed the control feed. As the feed is more efficiently 
digested, the host is able to utilise the resultant energy substrates for growth and development. It is 
unlikely that H57 itself is responsible for this difference in expression, as although it possesses the 
genes involved in nitrate reduction (which have been shown to allow anaerobic growth in other 
species of Bacillus), H57 appears not to be able to grow anaerobically. H57 was not present in the 
rumen at sufficient quantities to suggest colonisation. Consequently, the mechanism by which H57 
modifies the rumen environment is not clearly known. 
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1 Introduction and literature review  
1.1 General introduction 
Ruminants such as sheep and cattle contribute to the agricultural industry in the areas of meat 
production, dairy and wool. Developing strategies to improve animal health and increase production 
would, therefore, be advantageous to animal agriculture. The primary site of digestion in ruminants 
is the rumen. The rumen environment is home to a diverse population of microorganisms that play 
an essential role in digestion. These rumen microorganisms produce specific cellular enzymes that 
assist in the degradation of the fibrous material of plants. Microorganisms in the rumen also 
contribute to the fermentation of this plant material to intermediary metabolites that are then utilised 
by the host for growth and development. A healthy rumen microbial ecosystem may contribute to a 
more efficient digestion of plant material and thus a greater weight gain is observed in the animal.
 Probiotics have been used in agriculture as a method to increase animal production through 
influencing the microbiome of the gastrointestinal tract (Luo et al., 2010; Pinloche et al., 2013). 
They are live microorganisms that provide a beneficial response to the host organism when fed in 
sufficient quantities (Gupta and Garg, 2009). There have been a number of different methods in 
which probiotics are said to benefit the host. Probiotics are able to prevent colonisation by 
pathogenic organisms through direct competition for adhesion sites. Their presence may also 
stimulate and enhance the host’s innate immune system through antigens on the probiotic cell wall. 
Some probiotics have even demonstrated antimicrobial activity that may inhibit the proliferation of 
enteric pathogens. In ruminants, probiotics have been developed as a method to increase live weight 
gain as well as improve milk production efficiency in dairy cattle (Boyd et al., 2011; Luan et al., 
2015; Pinloche et al., 2013). The treatment of disorders such as sub-acute ruminal acidosis has also 
been shown through the use of certain probiotics (Kung and Hession, 1995; Prabhu et al., 2012). 
Probiotics have demonstrated great potential in maintaining a healthy rumen microbial profile, 
which allows for greater efficiency in the digestion of plant material (Krehbiel et al., 2003). 
 Bacillus amyloliquefaciens H57, referred to as H57 hereafter, is an organism isolated from 
lucerne by Brown and Dart (2005). Its isolation was undertaken to develop an inoculum capable of 
preventing spoilage of stored forages by fungi. The selected organism was required to be a spore 
former so that it was resistant to UV radiation and able to be stored with a reduced chance of cell 
death. The selected bacterium was also required to have an antimicrobial effect on spoilage agents 
such as fungi and mould. This led to the isolation of the bacterial strain B. amyloliquefaciens H57, 
which was combined with B. amyloliquefaciens strain H60 and commercialised as HayRite™ 
(Brown and Dart, 2005). During an animal feeding trial to determine the palatability and 
acceptability of treated forage to ruminants, it was found that HayRite™ did not adversely affect the 
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treated animals. In fact, when fed to pregnant sheep, the treated sheep showed a significant increase 
in live weight gain and increased nitrogen retention (Brown and Dart, 2005). 
 This study aims to develop a greater understanding of how H57 benefits ruminants through 
a study of the rumen prokaryotic community using next generation sequencing technologies. It is 
hypothesised that the antimicrobial properties of H57 will influence the rumen bacteria and archaea 
communities, providing a microbiome that is more efficient in digesting plant material. 
 
1.2 Rumen nutrition and feed efficiency 
1.2.1 Structure and function of the rumen 
1.2.1.1 Evolution of the rumen 
The end of the dinosaur age in the late Cretaceous period (65 million years ago) brought about a 
significant change to the Earth’s ecosystems. The dominant plant populations of cycads and 
gymnosperms were gradually replaced with flowering plants or angiosperms (Regal, 1977). The 
change in plant phylogeny precipitated the rise of herbivores with the ability to take advantage of 
this new food source. It is at this time (at around 50 million years ago) that the first ruminants began 
to appear. Fossil records of these early ruminants showed that they were most probably forest 
dwelling omnivores given by their small size and dental morphology. Their long and narrow skulls 
with small incisors and low-crowned teeth suggests that these early ruminants were well suited to 
consuming fruits, shoots and insects (Webb, 1998). Due to the selective diet of these early 
ruminants, it is likely that the pre-gastric fermentation was primarily used to detoxify secondary 
plant substances, as opposed to the rumination of cellulolytic fibres (Freeland and Janzen, 1974; 
Jermann et al., 1995). 
 In the early Miocene (18-23 million years ago) the Earth’s climate began to cool and semi-
arid zones developed. From dental morphology, ruminant families of this time ate mostly leaves 
(Janis, 1982). These ruminants were larger than their predecessors although still smaller than 
today’s bovids, weighing only 20-40 kg (Janis, 1982). Due to their small size and dental 
morphology, it is likely that these ruminants had a digestive system similar to modern small selector 
ruminants (Van Soest, 1994) such as the Dik-Dik and the Suni antelope (Maloiy and Clemens, 
1999). These ruminants are selective in their diet, consuming mostly high-quality forage that is high 
in protein and low in fibre such as the Grewia similis plant (Maloiy and Clemens, 1999). Their 
digestive system allows for fast absorption of volatile fatty acids (VFAs), with an increased surface 
area of the rumen and the ability to pass high-quality concentrate straight to the abomasum (Van 
Soest, 1994). The high-quality diet of a selector allows for a shorter retention time and thus a 
smaller rumen size. 
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 As grasslands became more abundant in the late Miocene (5-11 million years ago), early 
ruminant species began to eat more roughage (Hackmann and Spain, 2010). The change in diet 
required a more developed digestive system to digest the highly lignocellulosic cell wall. It was at 
this time that grazing ruminants such as bovids began to proliferate as a dominant species. Bovids 
evolved with a larger rumen compared to their concentrate feeding predecessors, allowing for a 
greater retention time of forage and a more efficient fermentation. The microbial population of 
bovids also adapted to the change in diet with a proliferation of cellulolytic organisms to degrade 
the fibre in low-quality forages.  
 
1.2.1.2 The ruminant digestive system 
The digestive system of the modern ruminant allows for the efficient digestion of a high-fibre diet. 
The initial break down of food begins with ingestion, as the food is masticated into fine particles 
small enough to be swallowed. With the assistance of saliva, the digesta is then passed through the 
oesophagus into the rumen (Fig 1.1). The high sodium bicarbonate content of saliva provides an 
alkaline pH which helps neutralise fermentation acids and maintain favourable rumen conditions 
(Hungate, 1975). In the rumen, muscle contractions cause the digesta to circulate in one of two 
directions according to density. Fig 1.2 shows how less dense particulates flow towards the dorsal 
rumen while the more dense particulates migrate to the ventral sac (Martz and Belyea, 1986). At 
some point during its circulation, the less dense material re-enters the reticulum. In the reticulum, 
periodic muscle contractions create a negative pressure in the oesophagus which draws the digesta 
back into the mouth for further mastication (Martz and Belyea, 1986). The masticated digesta is 
then re-swallowed, re-entering back into the rumen flow for digestion. This process is referred to as 
rumination. 
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Figure 1.1: The ruminant gastrointestinal tract. Reproduced from Hungate (1975). 
 
 
Figure 1.2: Flow direction of rumen contents. Reproduced from Martz & Belyea (1986). 
 
 Whilst in the rumen, microorganisms further digest the plant material enzymatically, 
breaking down the structural carbohydrates into substrates for fermentation (Hess et al., 2011). As 
the plant material is further digested, the density of digesta increases causing it to move into the 
ventral sac. Contractions of the reticulorumen propel dense particulates of the ventral sac into the 
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cranial sac and the reticulum, where the smaller particles are able to pass through the reticulo-
omasal orifice (Fig 1.1). The passage of larger particles is restricted by conical tooth-like epithelial 
projections that block the entrance into the omasum (Hungate, 1975). The adjacent position of the 
reticulo-omasal orifice to the oesophageal groove (Fig 1.1), allows for a connection to form 
between the oesophagus and the omasum. The connection of the oesophagus and the omasum is 
formed by a suckling action which contracts ridges along the groove, creating a closed tube 
(Hungate, 1975). This allows for milk to bypass the rumen and enter the omasum, allowing for a 
quicker digestion. With continued suckling, this contraction of the oesophageal groove can be 
retained as an adult (Orskov et al., 1970). 
 As digesta passes through the omasum it enters the abomasum where further digestion 
occurs by gastric acids. The pH of the abomasum is kept between two and four, as the fermentation 
acids and bicarbonate are absorbed by the folds of the omasum, reducing their buffering capacity 
(Simcock et al., 1999). The acidic pH of the abomasum causes lysis of rumen microorganisms, 
releasing microbial protein for absorption. The digested content of the abomasum is then moved to 
the intestines for nutrient absorption. 
 
1.2.1.3 Rumen physiological conditions 
The rumen environment is a highly anaerobic system. It is essential that it remains so, as the 
majority of rumen microorganisms are strict anaerobes. Oxygen that enters the rumen is quickly 
metabolised by facultative anaerobes present in the rumen, acting as an electron acceptor for 
fermentation (Van Soest, 1994).  
 The temperature of the rumen is also important for bacterial fermentation. Most 
microorganisms require an optimal temperature range in order to maintain steady growth. If rumen 
temperature varies from being optimal, rumen microbes become less active, reducing the efficiency 
of digestion through bacterial fermentation. Bacterial fermentation has been shown to be at its 
optimum at temperatures between 38°C and 40°C (Dehority, 2003). As fermentation increases, a 
rise in rumen temperature is observed, with heat produced by fermentative reactions (Czerkawski, 
1980). It is for this reason that the general core temperature of the animal is generally lower at 
around 38-38.5°C. During fasting, where fermentation is at its lowest, the gap between the core and 
rumen temperatures is reduced (Beatty et al., 2008). In order to maintain homeostasis, heat is 
removed from the rumen by conduction to overlaying tissues then dispersed by perfusing blood 
(Barnes et al., 1983). Blood flow to the rumen increases during feeding where fermentation is at its 
peak. As heat is dispersed in the blood stream, thermoregulatory mechanisms such as panting help 
remove heat from the body. 
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 During bacterial fermentation, VFA’s such as acetic, propionic and butyric acid are 
produced. An accumulation of these VFA’s leads to a decrease in rumen pH, which in turn has an 
inhibitory effect on bacterial fermentation. Fermentation is most efficient when rumen pH is 
between 6.5 and 7. In vitro studies have shown that as rumen pH drops below 6, cellulolytic 
bacteria become inactive and thus fermentation is inhibited (Russell and Wilson, 1996). To regulate 
rumen pH ruminants produce large quantities of saliva. Saliva is chiefly made up of sodium 
bicarbonate which acts as a buffer to neutralise accumulating VFA’s (Hungate, 1975). The rumen 
pH is also regulated as VFA’s are absorbed across the rumen wall. There are 3 ways in which VFA 
absorption has been identified (Fig 1.3). 
 
 
Figure 1.3: “Simplified representation of VFA absorption pathways.  
(1) passive diffusion of undissociated VFA; (2) bicarbonate dependant VFA uptake; (3) bicarbonate independent VFA 
uptake”. Figure and caption reproduced verbatim from Dijkstra et al. 2012. 
 
Ruminal pH is effectively regulated with the passive transfer of undissociated VFA’s as the 
proton is removed along with the anion, ensuring that the electrical potential of the cell is 
maintained (Fig 1.3). The limiting factors with passive diffusion are the dependence on chain length 
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and pH. Larger chained VFA’s have a greater lipophilic permeability allowing butyric acid to 
diffuse much more readily than acetic acid (Dijkstra et al., 2012). The pH also affects diffusion as 
more acids are present in their undissociated form at lower pH and thus have a higher diffusion rate 
(Dijkstra et al., 1993). 
 VFA absorption is also regulated by cellular bicarbonate (Fig 1.3, (2)). As the VFA anion is 
absorbed across the cell membrane, it must be accompanied by either cation absorption or anion 
secretion from the cell, to ensure electrical potential is maintained. This is mainly achieved with the 
exchange of cellular bicarbonate which is obtained from blood or formed within the epithelial cell 
(Gäbel et al., 2002). 
 Absorption of dissociated VFA’s has been demonstrated to occur without the 
accompaniment of bicarbonate through protein-mediated absorption (Penner et al., 2009). In the 
rumen, VFA’s maintain a balance between the acid (HVFA) and its conjugate base (VFA-). The 
dissociation of VFA’s release a proton (H+) and a weak base (VFA-). As the dissociated VFA- is 
absorbed across the cell membrane independently of bicarbonate, protons are left within the rumen 
and a weak base eliminated causing the pH to drop (Dijkstra et al., 2012). To ensure homeostasis 
the dissociated protons must be removed from the rumen. One such mechanism is the transport of 
urea into the rumen. An enzyme called urease rapidly converts ruminal urea into ammonia, which 
with its high pKa value (9.21), quickly binds free protons forming ammonium. With the removal of 
ammonium comes the removal of a dissociated proton from the rumen. Ammonium transport across 
the rumen epithelium only occurs with a pH of 6.5 or lower and is in competition with potassium 
uptake (Abdoun et al., 2006). 
 
1.2.2 Rumen fermentation 
As described earlier, the rumen is the primary site of digestion in sheep and cattle. It is home to a 
vast population of microorganisms that assist in digestion through bacterial fermentation. The 
ruminant diet is mostly composed of cellulosic matter such as cellulose, hemicellulose and lignin. 
These fibrous materials are indigestible without the help of microorganisms as they consist of 
carbohydrate monomers with enzymatically unhydrolysable bonds (Van Soest, 1994). As the 
digesta enters the rumen it is colonised by cellulolytic rumen microbes, which form a biofilm over 
the plant surface. The biofilm is an extracellular polymeric matrix that allows for the exchange of 
substrates between neighbouring organisms (Edwards et al., 2008; Kumari et al., 2017). The matrix 
of the biofilm gradually accumulates nutrients and enzymes produced by the attached microbes, 
which begin to degrade the fibrous material of the cell wall releasing digestible material (Demeyer, 
1981; Mason and Stuckey, 2016). 
 8 
  The amino acids and soluble proteins that are released from the digesta undergo anaerobic 
fermentation, converting carbohydrates into various acidic fermentation products. The reduced 
products from rumen fermentation include VFA’s, which retain the bulk of their stored energy from 
photosynthesis (Van Soest, 1994). Through aerobic oxidation, this stored energy can be made 
readily available to the host for cellular growth and maintenance. During anaerobic fermentation, 
the coenzyme NAD+ is reduced to NADH/H+ through a process of substrate linked phosphorylation 
(Hackmann and Firkins, 2015). For fermentation to continue, NAD+ needs to be regenerated 
(oxidised) by NAD-linked hydrogenases, which are only thermodynamically favourable at low 
partial pressures of hydrogen. Thus to ensure continued oxidation of NADH/H+, a group of 
methanogenic microorganisms remove molecular hydrogen through the process of methanogenesis. 
Methanogenesis is the production of methane and water through the reduction of carbon dioxide 
and hydrogen (McAllister and Newbold, 2008). The accumulating methane is then released into the 
atmosphere through eructation. 
 
1.2.2.1 Rumen microbiology 
The microbial inhabitants of the rumen comprise a vast and complex ecosystem with organisms 
from all three domains of life: Bacteria, Archaea and Eukaryota. The anaerobic environment of the 
rumen ensures that the majority of these organisms are obligate anaerobes, with a small number of 
facultative anaerobic organisms also present (Stewart and Bryant, 1988). Rumen microbes play an 
essential role in rumen digestion: from breaking down the fibrous material of ingesta to readily 
fermentable bi-products, to fermenting soluble carbohydrates into metabolisable compounds. These 
organisms assist in the efficient digestion of the crude fibrous material that dominates the diet of 
ruminant organisms. The dominant structural carbohydrate in plant matter is cellulose which is a 
biopolymer of β-1, 4-linked glucose monomeric units (Demeyer, 1981). The spatial arrangement of 
linear cellulose chains align and arrange into a stacking assembly allowing for the formation of a 
tight stable structure (Bubner et al., 2013). This structure makes for a highly insoluble substrate that 
is indigestible without the action of cellulolytic enzymes. Ruminants do not have the enzymatic 
capability to degrade the β-1,4-glycosidic linkages of cellulose, relying on the community of 
microorganisms in the rumen to undertake this function in the degradation of plant material (de 
Almeida et al., 2014; Christopherson et al., 2014). 
 
1.2.2.1.1. Bacteria 
The rumen microbiome contains a dense and diverse community of bacteria with concentrations of 
109-1011 per g of rumen contents (Neumann and Dehority, 2008; Patra and Yu, 2012). These rumen 
bacteria are primarily involved with the fermentative breakdown of plant biomass, producing 
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substrates that ultimately either directly or indirectly contribute to the host’s nutrition. The plant cell 
wall incorporates 35-80% of the cells carbohydrates, with cellulose as the dominant component 
(Jung and Allen, 1995). Therefore the presence of cellulose degrading bacteria in the rumen is 
important to ensure these cell wall carbohydrates are broken down and made available for 
fermentation. Cellulolytic bacteria found in the rumen most commonly include: Gram positive 
bacteria from the Firmicutes phylum, such as Ruminococcus albus (Suen et al., 2011a) and 
Ruminococcus flavefaciens (Berg Miller et al., 2009), as well as the Gram negative Fibrobacter 
succinogenes (Suen et al., 2011b) from the Fibrobacteres phylum. These cellulolytic bacteria are 
able to adhere to ingested plant polymers providing access for cell-associated enzymes to act in the 
enzymatic breakdown of fibrous plant material. Enzymes produced by these cellulolytic bacteria 
include endo and exo-cellulases, β-glucosidases, hemicellulases, pectin methylesterase, pectin lyase 
and polygalacturonases (Demeyer, 1981; Krause et al., 2003). These enzymes work synergistically 
to hydrolyse the β-1,4 glucosidic linkages of structural carbohydrates to produce digestible 
fermentation products; predominately pyruvate, succinate, lactate and glucose (Bauer et al., 1999). 
 After cellulose, the second most abundant polysaccharide in plant material is 
hemicellulose, which is a branched heterogeneous polymer composed primarily of pentose and 
hexose monomers with xylose as the major carbohydrate (Saha, 2003). In the rumen, hemicellulose 
is primarily degraded by Prevotella species, which produce enzymes capable of degrading the 
hemicellulose polymer as well as the various di- and monosaccharide subunits. Rumen community 
profiles have shown that Prevotella are among the most dominant bacteria in the rumen with 
relative abundances of between 40-60% (Elie et al., 2013; Jewell et al., 2015; Myer et al., 2015). Of 
the rumen Prevotella species, Prevotella ruminicola and Prevotella bryantii have been the most 
extensively studied. A comparative genome analysis into the carbohydrate metabolism of P. 
ruminicola and P. bryantii has revealed an abundance of glycoside hydrolases (GH) associated with 
GH families 3 and 43 (Dodd et al., 2010a; Purushe et al., 2010). These enzymes are primarily 
composed of β-xylosidases, α-L-arabinofuranosidase and arabinases, which all contribute to the 
degradation of hemicellulosic matter. These bacteria also contribute to protein degradation as P. 
ruminicola D31d and P. bryantii B14 showed substantial proteolytic activity with clarified rumen 
fluid as the sole added nitrogen source (Griswold et al., 1999). The end products of hemicellulose 
degradation are further utilised as substrates in the production of VFAs such as acetate, butyrate, 
formate and propionate. 
 Bacteria such as Eubacterium pyruvativorans metabolise pyruvate to acetate generating 
energy in the form of adenosine triphosphate (ATP) or similar nucleoside triphosphates (Van 
Houtert, 1993; Wallace et al., 2003). Other end products of primary fermentation are systematically 
converted to VFAs by rumen bacteria, such as the conversion of succinate to propionate by the 
 10 
bacterium Selenomonas ruminantium, or through the production of butyrate by Butyrivibrio 
fibrisolvens (Asanuma and Hino, 2001; Van Houtert, 1993). The production of these VFAs are 
essential to the host and are absorbed and oxidised for cellular growth and maintenance. This 
anaerobic catabolism produces metabolic waste products such as carbon dioxide and hydrogen gas, 
which are either eructated into the atmosphere or directed towards hydrogenotrophic 
methanogenesis (Van Houtert, 1993; Van Soest, 1994). 
 The rumen bacterial population also contributes to the metabolism of plant lipids. Bacteria 
such as Butyrivibrio fibrisolvens and Anaerovibrio lipolytica hydrolyse dietary esterified lipids to 
glycerol, free fatty acids and small amounts of mono- and di-glycerides (Buccioni et al., 2012; 
Harfoot, 1978). The unsaturated double bonds of these free fatty acids are rapidly hydrogenated by 
rumen bacteria, producing saturated or mono-unsaturated fatty acids (Buccioni et al., 2012). Amino 
acids released from fermentation are deaminated by proteolytic rumen bacteria such as P. 
ruminocola and Ruminobacter amylophilus, with ammonia and the acidic carbon skeleton (can be 
VFA’s and branched chain VFA’s) being produced (Nugent and Mangan, 1981; Russell et al., 
1992). Ammonia released from proteolysis is subsequently utilised for microbial protein synthesis 
(Pengpeng and Tan, 2013). It is clear that rumen bacteria play an essential role in the digestion of 
plant matter through a process of anaerobic fermentation. The resultant production of VFAs, 
essential amino acids and microbial protein, are key precursors for cellular growth and maintenance 
in ruminants. 
  
1.2.2.1.2 Archaea 
Archaea are a separate domain of prokaryotic microorganisms that are often found in extreme 
environments. Within the rumen reside a group of Archaea called methanogens (Cavicchioli, 2011). 
Methanogens have been identified as belonging to seven orders: Methanobacteriales, 
Methanococcales, Methanosarcinales, Methanomicrobiales, Methanopyrales, Methanocellales and 
Methanomassiliicoccales (Borrel et al., 2013; Sakai et al., 2011; Garrity and Holt, 2001b). Within 
these orders, it is the genus Methanobrevibacter of the Methanobacteriales that has been 
demonstrated to be the most abundant in the rumen of sheep and cattle (Wright et al., 2008). Per 
gram of rumen contents, methanogens are present in concentrations of greater than 107 in sheep and 
greater than 108 in cattle, which usually increases with a more fibrous diet (Joblin, 2005a). 
Rumen methanogens are strict anaerobes which are involved in the metabolic reduction of 
carbon dioxide or acetate to produce methane gas (McAllister and Newbold, 2008; Saengkerdsub 
and Ricke, 2014). This reduction process, called methanogenesis is essential in rumen catabolism as 
it is the primary hydrogen sink of the rumen. The fermentation of plant carbohydrates requires the 
oxidation of reduced coenzymes (NADH/H+ to NAD+) by NAD-linked hydrogenases, so that 
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fermentation continues (McAllister and Newbold, 2008). NAD-linked hydrogenases are 
thermodynamically favourable at low partial pressures of H2, making a H2 sink essential for 
fermentation to continue.   
 
1.2.2.1.3 Fungi and protozoa 
Protozoa found in the rumen are primarily ciliates that belong to two different groups: 
entodiniomorphs and holotrichs (Hungate, 1975). Entodiniomorphs have been found to attach to 
fibrous material while holotrichs tend to be free-living (Abe et al., 1981). Rumen protozoa have a 
variety of roles in the rumen such as assisting with the digestion of plant matter, VFA production, 
proteolysis of insoluble proteins, as well as the predation of rumen bacteria. It is considered that the 
predation of rumen bacteria has a detrimental effect on rumen nitrogen metabolism, as available 
microbial crude protein becomes unavailable to the host (Belanche et al., 2012). Further analysis of 
rumen protozoa has demonstrated that ciliates form endosymbiotic relationships with methanogens, 
as a large portion tend to colonise the external surfaces of the protozoa (Finlay et al., 1994). The 
close proximity of the methanogens allows them to utilise the H2 released by ciliates for methane 
production. 
 Like protozoa, rumen fungi have been shown to assist in plant fibre degradation. The 
anaerobic fungi of the rumen belong to six main genera including Neocallimastix, Piromyces, 
Caecomyces, Orpinomyces, Cyllamyces and Anaeromyces (Griffith et al., 2009). Throughout their 
lifecycle rumen fungi begin as a motile flagellated zoospore before colonising fibrous plant 
material, where they transform to a non-motile vegetative state. In their vegetative state, rumen 
fungi release a number of extracellular fibrolytic enzymes that are able to hydrolyse the fibrous 
plant cell wall, releasing fermentation end products such as CO2, H2, formate, acetate, lactate and 
ethanol (Akin and Borneman, 1990; Bauchop and Mountfort, 1981; Sridhar and Kumar, 2010). The 
enzymatic breakdown of fibrous material by fungi has been shown to work synergistically with 
hemicellulolytic bacteria, as increased rates of digestion were observed from co-cultures of P. 
ruminicola and Neocallimastix spp. (Williams et al., 1991). It is suggested that the fibrolytic 
activity of fungi alters the plant residue in the rumen for easier mastication, as fibrous residues 
showed greater degradation when incubated with fungi, as opposed to whole rumen fluid, or with 
rumen bacteria (Akin and Borneman, 1990). 
 
1.2.3 Probiotics 
1.2.3.1 Probiotics in the rumen 
With the expanding meat and dairy industry, it has become important to ensure that the quality of 
product is at its highest. The development of probiotics for ruminants aims to develop a healthier 
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rumen microbiome that will translate to greater milk yields and meat production. In cattle 
Propionibacterium, Lactobacillus and yeast are the most widely used probiotics (Callaway et al., 
2012; Ding et al., 2014; Vibhute et al., 2011). Lactobacillus is a lactic acid producing bacterium 
that is a common probiotic in yoghurt. The lactic acid produced by Lactobacillus lowers the 
intestinal pH preventing the establishment of enteropathogens, such as pathogenic Escherichia coli 
(Abu-Tarboush et al., 1996; Krehbiel et al., 2003). As a result the Lactobacillus probiotic has been 
used to decrease the incidence of diarrhoea in young calves. This effect has also been shown to 
assist in the establishment of the rumen normal microbiota in weaning calves as they adapt to solid 
feed (Krehbiel et al., 2003). 
 Propionibacterium have been used as a probiotic in ruminants through their ability to 
produce propionate by lactate fermentation (Boyd et al., 2011). The propionate produced is then 
absorbed and utilised for cellular growth and development. When the probiotic Propionibacterium 
jensenii 702 was administered to Holstein bull calves, it was found that the treated calves showed 
an increased live weight gain compared to the control group (Adams et al., 2008). 
Propionibacterium was also shown to increase milk production efficiency in a study with early 
lactating cows, which showed that cows treated with Propionibacterium had similar milk 
production with a reduced dry matter intake compared to the control (Weiss et al., 2008). The 
increased efficiency was suggested to be the result of altered rumen fermentation caused by the 
introduced probiotic. Probiotics fed to dairy cattle have also demonstrated increased milk and 
protein yield, as well as improved digestibility of dietary nutrients (Boyd et al., 2011). This was 
observed with the combined addition of Lactobacillus acidophilus NP51 and Propionibacterium 
freudenreichii NP24. It was suggested that the beneficial effect of these two organisms was the 
result of the lactate produced by L. acidophilus being utilised by P. freudenreichii in the production 
of propionate (Boyd et al., 2011). 
 Yeast species, primarily Saccharomyces cerevisiae, have been thought to benefit ruminants 
through influencing the rumen microbial community and stabilising the rumen physiological 
conditions. The supplementation of S. cerevisiae Sc47 to Holstein cows revealed changes in the 
rumen microbiome that accompanied a healthier fermentation, given by an increase in VFA 
production, higher pH and lower lactate levels (Pinloche et al., 2013). The addition of yeast 
stimulated rumen populations of fibrolytic (Fibrobacter and Ruminococcus) and lactate utilising 
bacteria (Megasphaera and Selenomonas), which were thought to contribute to the observed 
improved fermentation (Pinloche et al., 2013). Increased fibre digestion (dry matter and neutral 
detergent fibre) was also observed in cattle after supplementation with S. cerevisiae (Ding et al., 
2014). The increased fibre digestion may result from stimulating cellulolytic bacteria in the rumen; 
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as the addition of S. cerevisiae I-1077 to Texel wether sheep, showed a two- to four-fold increase in 
Ruminococcus albus and Ruminococcus flavefaciens (Mosoni et al., 2007). 
  Probiotics have also been useful in the treatment of digestion disorders such as subacute 
ruminal acidosis (SARA). SARA occurs when the buffering capacity of the rumen is exceeded by 
large quantities of rapidly fermentable carbohydrates (Chiquette, 2009). As the rumen pH drops 
below 5.6, rumen microorganisms are affected causing a decrease in fibre digestibility, decreased 
rumen motility and reduced milk production. A number of probiotic organisms have been 
developed to treat SARA, including the bacterium Megasphaera elsdenii, which is a lactic acid-
utilising bacterium found in the rumen of sheep and cattle. M. elsdenii metabolises lactate into less 
acidic acetate and propionate increasing the ruminal pH to a more favourable level (Kung and 
Hession, 1995; Prabhu et al., 2012). The yeast S. cerevisiae has also been shown to treat SARA, as 
ruminal pH is increased through lactate metabolism (Marden et al., 2008). The mode of action of 
rumen probiotics primarily acts by maintaining homeostatic conditions to ensure efficient 
fermentation of plant material. 
 Although a number of studies have reported these probiotic organisms as having a positive 
effect, this may not always be the case. Several studies have shown S. cerevisiae to have no positive 
effect on feed intake, nutrient digestibility and weight gain compared to the control animals 
(Hristov et al., 2010; Pienaar et al., 2015; Soren et al., 2013). Under certain conditions, these 
“probiotic” organisms may even have a negative effect on ruminants. The lactic acid produced by L. 
acidophilus may cause the rumen pH to drop to harmful levels, resulting in the onset of ruminal 
acidosis (Lettat et al., 2012), instead of benefitting the animals by inhibiting the growth of 
pathogenic organisms. 
 
1.2.3.2 Bacillus as a probiotic 
Probiotics of the Bacillus genera are becoming more and more common (La Ragione and 
Woodward, 2003; Sun et al., 2013b). The advantage of a Bacillus probiotic is that the majority are 
spore formers. Spore formers provide the probiotic with protection from a number of environmental 
stimuli such as heat, UV radiation, desiccation and other environmental conditions which would 
otherwise kill vegetative cells (Cutting, 2011; Riesenman and Nicholson, 2000; Setlow et al., 
2006). This resistance attributed to the spore coat allows for storage at room temperature in 
desiccated form, which would not be possible for un-sporulated probiotics. The spores of Bacillus 
subtilis have demonstrated an ability to: germinate in the small intestines, grow, and proliferate 
before resporulating (Hoa et al., 2001). Though the spores can germinate it is unsure whether it is 
the spore or vegetative cell that causes the probiotic effect. 
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 The production of antimicrobial compounds is another reason for the use of Bacillus species 
as a probiotic. Most Bacillus species secrete bacteriocin-like compounds that inhibit the growth of 
gastrointestinal pathogens providing a healthier and stable environment. Bacillus coagulans 
produces the compound coagulin, which is a bacteriocin-like inhibitory substance that has 
demonstrated an ability to inhibit enteric pathogens as well as food-spoilage bacteria (Hyronimus et 
al., 1998). Bacillus subtilis var. natto has shown probiotic abilities as it produces the enzyme 
nattokinase, which reduces blood clotting through fibrinolysis (Sumi et al., 1987).  When fed to 
dairy cattle, this organism was shown to increase milk yield and reduce milk somatic cell count 
(Sun et al., 2013a). Rumen fermentation was increased with significantly elevated VFA and 
ammonia nitrogen levels whilst promoting the growth of proteolytic and amylolytic bacteria (Sun et 
al., 2013a). B. subtilis was also used in combination with Bacillus licheniformis as the 
commercialised probiotic BioPlus® 2B. BioPlus® 2B is a product used in animal feed that has had 
numerous studies demonstrating its competency in the suppression of gastrointestinal pathogens 
(Cutting, 2011). 
 The bacterium Bacillus amyloliquefaciens is another member of the Bacillus family that has 
shown potential as a probiotic. When fed to weaner, pigs B. amyloliquefaciens SC06 demonstrated 
an increased weight gain of 11.85% and a decrease in diarrhoea caused by enterotoxigenic E. coli 
(ETEC) of 79.17% (Ji et al., 2013). The pro-inflammatory response that was induced by ETEC was 
inhibited by B. amyloliquefaciens through the suppression of mitogen-activated protein kinase 
signalling pathways (Ji et al., 2013). B. amyloliquefaciens has been used extensively as a probiotic 
in a variety of different situations: from aquaculture where it has been shown to improve health 
status and disease resistance in Catla carp species (Das et al., 2013), to domestic pets, where it was 
shown to stabilise faecal microbiota in adult dogs, through the inhibition of pathogenic Clostridia 
(González-Ortiz et al., 2013). The extensive use of B. amyloliquefaciens as a probiotic is likely due 
to the various antimicrobial compounds that it produces, as well as the fact that it is also a spore 
former, increasing its survivability during packaging and storage of a commercial product (Wu et 
al., 2015). 
 
1.3 Bacillus amyloliquefaciens sp. 
1.3.1 Physiology and growth conditions 
The bacterium B. amyloliquefaciens can be taxonomically classified as Bacteria; Firmicutes; 
Bacilli; Bacillales; Bacillaceae; Bacillus; amyloliquefaciens. B. amyloliquefaciens along with a 
number of other Bacillus species have been grouped into the “Bacillus subtilis Group” due to their 
physiological similarities and high level of 16S rRNA gene sequence similarity to B. subtilis. B. 
amyloliquefaciens was classified as a separate species (and not as a sub-species of B. subtilis) 
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because of a few metabolic characteristics that allow for greater starch hydrolysis, due to increased 
production of α-amylase. As opposed to B. subtilis, B. amyloliquefaciens is able to withstand 
greater salinity concentrations and ferment lactose to produce acid (Welker and Campbell, 1967). 
Through DNA pairing studies, B. amyloliquefaciens has consistently shown a DNA homology of 
less than 25% to B. subtilis, providing further evidence that B. amyloliquefaciens is a separate 
species (Priest et al., 1987). 
 B. amyloliquefaciens is a Gram positive rod shaped bacterium that grows within a 
temperature range of between 20-50ºC but has been shown to grow optimally between 30ºC and 
40ºC (Singh et al., 2013). It is an aerobic microorganism that, to date has not shown the ability to 
grow anaerobically. The closely related B. subtilis was previously thought to be a strict aerobe as 
well, until further studies were performed, demonstrating an ability to grow anaerobically (Nakano 
and Zuber, 1998). Anaerobic growth was achieved through the utilisation of nitrate and nitrite 
reduction as a terminal electron acceptor or through fermentation when no electron acceptor is 
present. Energy generated through substrate-level phosphorylation requires the reduction of NAD+ 
to NADH. In fermentation, NADH is reoxidised through the conversion of pyruvate to fermentation 
end products (Nakano and Zuber, 1998). In the absence of molecular oxygen, the operon resDE is 
activated, binding to the promoter region of nasDE, which promotes the transcription of nasDE. 
Transcribed resD promotes the transcription of the fnr gene which, in turn, induces the transcription 
of genes that encode nitrate reductase (Reents et al., 2006). Nitrate reductase, encoded in the nasDE 
operon, is used to catalyse the reduction of nitrate into nitrite, which is further reduced into 
ammonium by nitrite reductase (Hoffmann et al., 1998). In the absence of a terminal electron 
acceptor, B. subtilis has demonstrated an ability to undergo mixed-acid fermentation for the 
metabolism of glucose. This anaerobic fermentation was shown to produce lactate, acetate, acetoin, 
ethanol and succinate as major end products (Cruz Ramos et al., 2000). Due to the similarities 
between B. subtilis and B. amyloliquefaciens, it is possible that B. amyloliquefaciens may adapt to 
growth in anaerobic conditions using a similar strategy of nitrate respiration or fermentation. 
 
1.3.1.1 Cellular structure  
In its vegetative state B. amyloliquefaciens forms Gram positive rods with dimensions of 0.7-0.9 
µm by 1.8-3 µm. These rods have rounded ends and sometimes form long chains. They are motile 
with peritrichous flagella (Schofield et al., 2016; Welker and Campbell, 1967). B. 
amyloliquefaciens is also a spore former with a spore size of between 0.6-0.8 µm by 1-1.4 µm. Like 
all Gram positive bacteria, the cell wall of B. amyloliquefaciens is primarily composed of 
peptidoglycan; a polymer of alternating N-acetylglucosamine and N-acetylmuramic acid residues 
cross-linked via peptide side chains (Archibald et al., 1993). The peptidoglycan of the cell wall is 
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structured in a helical cable arrangement (Fig 1.4). During cellular growth and replication, small 
“ropes” of glycan residues are polymerised and cross-linked before being coiled into a helix. These 
newly formed cables are then inserted into the cell wall between two existing cables beneath the 
overlaying structure which is gradually cleaved by autolysins to allow for growth (Hayhurst et al., 
2008). The turgor pressure of the cell then causes the newly inserted cables to flatten and develop 
cross-links during maturation to stabilise the cable arrangement (Fig 1.4). This helical cable 
arrangement provides resistance to longitudinal splitting whilst providing a structure that allows for 
cellular growth and replication (Hayhurst et al., 2008). 
 
 
Figure 1.4: “Model of Bacillus subtilis cell wall peptidoglycan architecture.  
Image is of a cell wall cylinder peptidoglycan architecture showing cable orientation with coiled substructure. Both 
cables and cross striations are shown. (Scale bar: 1 µm)”. Figure and caption reproduced verbatim from Hayhurst et al. 
(2008). 
 
1.3.1.2 Sporulation 
The sporulation process described below has been sourced from sporulation data of B. subtilis. Due 
to the high similarities of B. subtilis and B. amyloliquefaciens it is likely that the sporulation 
processes are also similar. This is supported by a study comparing the sporulation genes of B. 
amyloliquefaciens and B. subtilis, finding that they are very similar in both nucleotide sequence and 
inferred primary protein structure (Turner and Mandelstam, 1986). 
 Sporulation is precipitated by environmental stimuli such as nutrient deficiency, cell density 
or changes in pH. Once sporulation has been triggered, a cascade of phosphorylation reactions 
activates key transcriptional regulatory proteins such as Spo0A. Spo0A in its phosphorylated form 
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activates the transcription of several genes that govern the cells entry into sporulation (Driks, 1999). 
In the early stages of sporulation, a DNA binding protein called RacA is activated causing it to bind 
the bacterial chromosome. RacA then acts as a bridge by binding to the division protein DivIVA, 
located at the polar ends of the cell (Fig 1.5 b). This causes the chromosome to form an axial 
filament structure that is bound to either end of the cell, each with its own origin of replication 
(Piggot and Hilbert, 2004). After formation of the axial filament, a septum begins to form, 
separating the mother cell from the pre-spore. During sporulation, regulatory proteins cause cell 
division to occur asymmetrically with the septum forming at one end of the cell (Levin and Losick, 
1996). This is unlike the binary fission of vegetative cells, where the septum forms in a medial 
location. Septum formation is stimulated by the FtsZ protein, which is a tubulin like protein that 
polymerases to form a circumferential ring (Z ring) at the polar ends of the cell (Fig 1.5 c; 
(Wagner-Herman et al., 2012). Septation then occurs at one of these rings producing a larger 
mother cell and a smaller pre-spore. During cell division, chromosomal DNA is cleaved at the site 
of septation leaving only about 30% of the chromosome in the pre-spore (Fig 1.5 d; Piggot and 
Hilbert, 2004). The remaining 70% is then transferred into the pre-spore by SpoIIIE DNA 
translocase, which is bound to the leading edge of the septum (Fig 1.5 e; Ling et al., 2009).  
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Figure 1.5: “Chromosome partitioning and asymmetric division. Chromosomes are blue, DivIVA is green, FtsZ is 
yellow, RacA is red, Soj is orange and SpoIIIE is brown. (a) At initiation, the cell contains a single medial Z-ring. The 
cell is shown as having two distinct chromosomes at sub-polar positions, although it may contain one partly replicated 
chromosome. Although not distinguished here, the origin of replication of both is located near the pole and their termini 
are located near mid cell. DivIVA is located at the poles, SpoIIIE as discrete foci in the membrane, and Soj dynamically 
relocalises from pole to pole, but is represented here at both for simplicity. (b, c) Initiation of sporulation results in 
expression of RacA and SpoIIE (not shown), and in an increase of FtsZ; as a consequence the nucleoids are remodelled 
into an axial filament coated with RacA, and the Z-ring relocalises from mid cell to sub-polar locations via a helical 
intermediate. RacA concentrates at the origin region of the chromosome and binds to DivIVA, thereby anchoring the 
filament to the poles. Soj is also located at the pole and assists the process. (d) The division results in approximately 
30% of a chromosome trapped in the pre-spore and the remainder, along with a second chromosome, in the mother cell. 
(e) The DNA translocase SpoIIIE relocalises to the asymmetric septum and transports the origin-distal 70% of the 
chromosome into the pre-spore, a process that takes approximately 15 min. After asymmetric division the unused Z-ring 
disassembles”. Figure and caption reproduced from Piggot & Hilbert (2004) with minor modifications to the figure. 
 
 Once the entire replicated chromosome has been transferred into the pre-spore, the septum 
completes, pinching off the pre-spore. The pre-spore is then engulfed by the mother cell, which is 
mediated by a series of membrane proteins located in the septum. These membrane proteins 
hydrolyse the peptidoglycan of the septum whilst migrating the cell membrane around the newly 
formed protoplast (Abanes-De Mello et al., 2002). Abanes-De Mello et al. (2002) suggested that the 
peptidoglycan hydrolase activity of one of these proteins elicits membrane migration, as membrane-
anchored cell wall hydrolases pull the membrane while hydrolysing peptidoglycan. 
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 In the later stages of engulfment spore coat proteins begin to assemble. The spore coat is a 
multilayered structure consisting of a cortex, inner coat, outer coat and a crust. The inner most layer 
is the cortex which is a thick structure of peptidoglycan about 50 to 100 nm wide (Tocheva et al., 
2013). External to the cortex is a basement layer of morphogenetic protein, which acts as a 
substratum for the localisation of the inner and outer coat proteins. The morphogenetic protein 
SpoIVA is essential in the assembly of the basement layer whilst also involved with cortex 
synthesis (Driks et al., 1994). Anchored to the basement layer is the inner coat, which is about 75 
nm wide with a lamellar appearance. It is suggested that this lamellar appearance is the result of 
several layers of coat proteins that have bound to the morphogenetic protein SafA (McKenney et 
al., 2013). The next coat layer is the outer coat which is about 70-200 nm in width and assembled 
by the morphogenetic protein CotE (McKenney et al., 2010). Studies on detecting the spatial 
distribution of spore coat proteins have determined that there is a group of coat proteins that are 
significantly separated from the outer coat. Further analysis showed that these proteins formed an 
additional coat called the crust. The crust is assembled by the morphogenetic proteins CotX/Y/Z 
and is a layer composed of both protein and polysaccharide (McKenney et al., 2010). 
 Spore coat assembly begins in the final stages of engulfment with the formation of a 
scaffold that is located at the mother cell-proximal pole of the spore surface (McKenney et al., 
2010). The scaffold cap contains each of the essential morphogenetic proteins that are associated 
with each layer. The basement layer is the first to finish encasement, which occurs at the completion 
of spore engulfment. Once the basement layer is complete, the inner and outer layers begin 
asymmetrical encasement, starting polymerisation from both the mother cell proximal and distal 
poles of the pre-spore as shown in Fig 1.6 (McKenney et al., 2013). The synthesis of the cortex by 
SpoIVA occurs later in the process following the encasement of the basement layer. The final layer 
to form is the crust which is delayed due to transcription regulators in the mother cell (Fig 1.6) 
(McKenney et al., 2010). All coat proteins are transcribed in the mother cell and are therefore 
controlled by mother cell-specific transcription regulators to ensure they are transcribed at the 
correct moment in the sporulation process (McKenney and Eichenberger, 2012). The spore coat 
remains permeable into late morphogenesis, allowing the passage of inner coat proteins to their 
specific layer once the outer coat has completed. This is supported by studies that have found inner 
coat proteins among the latest expressed coat gene promoters (McKenney and Eichenberger, 2012). 
Once the spore coat is completely assembled, the mother cell lyses; releasing the mature spore 
(which remains dormant until conditions improve) inducing germination into a vegetative cell. 
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Figure 1.6: A model of spore coat morphogenesis. 
A scaffold forms on the mother cell-proximal (MCP) pole at the final stages of engulfment containing morphogenetic 
proteins of each layer. The basement layer (blue) is the first to form at the completion of engulfment. The inner and 
outer coat layers (orange and purple respectively), begin an asymmetrical encapsulation with polymerisation occurring: 
first at the MCP during engulfment then at the mother cell-distal (MCD) pole at the completion of engulfment. The 
cortex is synthesised in the later stages by the SpoIVA of the basement layer. The final layer to form is the crust, which 
also begins encapsulation from both poles of the spore. Reproduced from McKenney et al. (2013). 
 
 Spore formation provides a unique barrier that protects the bacterial DNA from a variety of 
chemical and environmental damaging agents. DNA protection begins at the core of the spore with 
the displacement of water by Dipicolinic Acid (DPA). DPA is almost always present as a chelate 
with divalent cations, usually Ca2+, making up to roughly 20% of the spore dry weight (Setlow, 
2007). Spore dehydration by DPA precipitates a decreased sensitivity to wet heat, which can 
inactivate or denature core spore proteins (Setlow et al., 2006). Cell death through desiccation is 
also prevented through dehydration. DPA has shown to assist in the resistance to DNA damage that 
is developed from the abundant presence of DNA bound small acid-soluble proteins (SASP). The 
binding of α/β-type SASP causes the bacterial chromosome to alter its structure from B-DNA to a 
more A-DNA like structure (Hayes et al., 2001). The bound α/β-type SASP also changes its 
structure from a random coil to a more α-helical structure, which has a much greater affinity for 
contiguous DNA binding sites (Setlow, 2007). The DNA stability achieved through bound SASP 
provides a resistance to UV radiation and free radical damage (Riesenman and Nicholson, 2000). 
 Protecting the core of the mature spore is the thick layer of peptidoglycan of the cortex. The 
cortex helps maintain the dehydrated state of the spore, which provides additional heat resistance. 
The peptidoglycan of the cortex is also a barrier to some organic solvents that manage to penetrate 
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the spore coat layers (Riesenman and Nicholson, 2000). The proteins of the inner and outer coat 
provide further spore protection. Studies were conducted on the resistance of Bacillus spores to 
lysozyme. Spores which lacked the outer coat, the inner coat or both, showed an increased 
sensitivity to lysozyme, where wild type spores had a 95% survival rate (Riesenman and Nicholson, 
2000). It has also been demonstrated that the outer coat protein CotA produces a pigment similar to 
melanin, that assists in resistance to UV radiation and hydrogen peroxide (Hullo et al., 2001). 
Riesenman & Nicholson (2000) have suggested that due to the many layers of the spore coat a 
further resistance to oxidants such as hydrogen peroxide may occur, with the coat layers acting as a 
diffusion barrier. It is also possible that the coat proteins act as oxidation targets decreasing the 
effective concentration of hydrogen peroxide before it reaches the spore core. Either way, there has 
been ample evidence demonstrating the effectiveness of the spore coat in the protection of bacterial 
DNA. 
 
1.3.1.3 Biochemical properties  
In the characterisation of B. amyloliquefaciens, a variety of biochemical tests have been performed 
to determine its biochemical scope and to compare these properties to those of other closely related 
bacteria. Biochemical tests have shown that B. amyloliquefaciens is able to ferment a large variety 
of sugars including: glucose, sucrose, lactose, arabinose, xylose, manitol, mannose and cellobiose 
(Priest et al., 1987). It is also able to reduce nitrate into nitrite and grow well in NaCl concentrations 
of up to 7%. At 10% NaCl B. amyloliquefaciens is still able to grow, albeit only moderately 
(Welker and Campbell, 1967).  
 Additional biochemical tests have revealed that secondary metabolites of B. 
amyloliquefaciens involve the production of catalase as well as the ability to hydrolyse gelatine 
(Welker and Campbell, 1967). A starch hydrolysis test has also demonstrated the production of α-
amylase, in which the species designation amyloliquefaciens originated from. When compared to 
the closely related B. subtilis, it is evident that even though B. subtilis has demonstrated an ability to 
produce α-amylase, it does not do so at the levels characteristic of B. amyloliquefaciens (Welker 
and Campbell, 1967). Other differences have also established B. amyloliquefaciens as a separate 
species to B. subtilis, including its ability to ferment lactose and withstand NaCl concentrations of 
up to 10% (Welker and Campbell, 1967). 
 
1.3.2 Inhibitory compounds produced by B. amyloliquefaciens 
Among the secondary metabolites produced by B. amyloliquefaciens, there are a variety of 
bioactive compounds that are produced as a defence mechanism against other microorganisms. 
Previous studies have shown that some of the inhibitory compounds produced are a type of 
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lipopeptide, a cyclic polypeptide linked to a fatty acid chain. These lipopeptide compounds have 
both lipophilic and hydrophilic moieties allowing them to provide a membrane associated inhibition 
(Gaofu et al., 2010). B. amyloliquefaciens has also been revealed to synthesise a group of 
polyketides that have exhibited antimicrobial properties (Butcher et al., 2007; Chen et al., 2006; 
Romero-Tabarez et al., 2006). The production of these inhibitory compounds is so extensive that 
8.5% of total genetic capacity is utilised for their synthesis (Chen et al., 2009). 
 
1.3.2.1 Lipopeptides 
Genomic analysis of B. amyloliquefaciens FZB42 by Chen et al. (2009) revealed a number of gene 
clusters that are responsible for the synthesis of non-ribosomal lipopeptides. The synthesis of these 
lipopeptides is catalysed by peptide synthetases on a protein template (Stachelhaus and Marahiel, 
1995). As a protein template is used, synthesised lipopeptides can contain non-protein amino acids 
such as D-amino acids and hydroxyl acids, that are susceptible to extensive modifications such as 
N-methylation, acylation, glycosylation and covalent linkage to other unusual functional groups 
(Kleinkauf and Von Dohren, 1990). 
 One such lipopeptide is surfactin; presenting a heptapeptide structure (Fig 1.7) with a 
LLDLLDL chiral sequence linked, via a lactone bond, to a β-hydroxy fatty acid with 13-15 C atoms 
(Peypoux et al., 1999). The lipopeptide is synthesised by a large multi-enzyme complex called 
surfactin synthetase, which is transcribed from the srf operon in B. amyloliquefaciens (Chen et al., 
2009). Surfactin is a membrane active biosurfactant that has been shown to inhibit a broad spectrum 
of microorganisms including both Gram positive and Gram negative bacteria, fungi, protozoa and 
viruses (Huang et al., 2011). The tertiary structure of surfactin arranges the acidic side chains of the 
glutamate and aspartate residues so that they are facing each other creating a minor polar domain 
(Peypoux et al., 1999). This conformation also positions some of the hydrophobic residues facing 
the lipidic chain causing the formation of a major hydrophobic domain (Peypoux et al., 1999). This 
structure allows surfactin to insert itself into the cell membrane creating ion conducting pores that 
can drive mono- and divalent cations through the cell membrane. An interaction with Ca2+ provides 
stability in conformation by creating a bridge between the two acidic residues neutralising them, 
which in turn precipitates a greater hydrophobicity and absorption into the lipid bilayer (Maget-
Dana and Ptak, 1995). The membrane activity of surfactin can alter the membrane structure in small 
doses and disrupt membrane integrity in high doses causing lysis (Peypoux et al., 1999). 
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Figure 1.7: “Structures of representative members and diversity within the three lipopeptide families synthesised by 
Bacillus species. Boxed structural groups are those that were shown to be particularly involved in interaction with 
membranes and/or are supposed to be important for biological activity in addition to the cyclic nature of the molecule 
(Bonmatin et al., 2003; Dufour et al., 2005; Peypoux et al., 1999). To the best of our knowledge, no clear data are 
available to date for fengycins in this context. Boxed blue, type of branching (linear, iso, anteiso); boxed orange, acyl 
chain length; boxed red, ionisable or polar groups; boxed green, hydrophobicity of residue in position 4; boxed yellow, 
L-Asx(1)–D-Tyr(2)–D-Asn(3) sequence”. Figure and caption were reproduced verbatim from Ongena and Jacques 
(2008). 
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 Other Lipopeptides produced by B. amyloliquefaciens include fengycin and bacillomycin D. 
Each of these biological compounds have demonstrated antifungal properties, although previous 
studies have shown a synergistic action when fengycin and bacillomycin D were used together to 
inhibit the plant pathogenic fungus Fusarium oxysporum (Koumoutsi et al., 2004). Like surfactin, 
fengycin and bacillomycin D have a structure consisting of a fatty acid chain linked with a cyclic 
polypeptide (Fig 1.7). It is believed that the composition of amino acids and length of carbon chain 
are responsible for the differences in inhibition, although the exact action is not yet known (Ongena 
and Jacques, 2008).  
 Fengycin has demonstrated strong inhibition of filamentous fungi although is not effective 
against bacteria. In small doses, fengycin is able to insert itself into the hydrophobic core of the 
lipid bilayer as a monomer. The fatty acid chain aligns itself with the phospholipid chains while the 
peptide ring remains outside (Deleu et al., 2008). As the fengycin concentration increases, the 
monomeric units migrate together. The high relative area of the peptide ring with respect to the fatty 
acid side chain causes the formation of a positive curvature, which begins to alter the membrane 
structure. Under high concentrations the structural changes caused by fengycin completely disrupt 
the lipid bilayer, forming mixed micelles with a cluster of phospholipids surrounded by fengycin 
molecules (Deleu et al., 2008). 
Bacillomycin D is a member of the iturin family, which have all demonstrated an α-amino 
acid configuration of LDDLLDL (Hourdou et al., 1989). Like all lipopeptides, this heptapeptide is 
cyclic and attached to a β-hydroxy fatty acid with 14-17 C atoms (Fig 1.7). The first 3 peptides of 
iturin compounds always begin with the structure L-Asn-D-Tyr-D-Asn. It is the remaining peptides 
that differ in bacillomycin D with the continued sequence of L-Pro-L-Glu-D-Ser-L-Thr (Hourdou et 
al., 1989). This peptide sequence causes bacillomycin D to adopt an unconventional γi-turn 
conformation between the CO group of the Ser6 residue and the NH group of the β-amino acid 
residue. Studies into the interfacial properties of bacillomycin D suggested that the protonable Glu 
residue plays a significant role in its solubilisation into the lipid bilayer (Nasir and Besson, 2012). 
Insertion of bacillomycin into the lipid bilayer may be responsible for its antifungal properties. 
Studies have shown that bacillomycin D demonstrates an inhibitory effect on fungi such as 
Fusarium oxysporum and Monilinia fructicola. This was done by measuring the inhibitory effect of 
mutant strains lacking the bacillomycin D biosynthesis gene bmyC. Wild type strains demonstrated 
clear inhibition of these fungi while the ΔbmyC mutant showed no antifungal properties, suggesting 
that bacillomycin D plays a significant role in fungal inhibition (Koumoutsi et al., 2004; Liu et al., 
2011). When bacillomycin D synthesis is combined with the synthesis of fengycin, a much greater 
inhibition is observed against fungi suggesting that these two compounds have a synergistic effect 
(Koumoutsi et al., 2004). Unlike fengycin, bacillomycin D also exhibits some antimicrobial 
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activity, although it is limited, as bacillomycin D has greater membrane permeability in the 
presence of sterols which are present in eukaryotic membranes but not bacterial (Maget-Dana and 
Peypoux, 1994; Nasir and Besson, 2012). 
 
1.3.2.2 Polyketides 
Polyketides are structurally diverse compounds that are synthesised by the condensation of a starter 
unit with an extender unit. The starter unit is typically acetyl-CoA, which is decarboxylated by an 
extender unit (typically malonyl-CoA or methylmalonyl-CoA), which in turn undergoes repeated 
carboxylative condensations to lengthen the polyketide carbon chain (Baerson Scott and Rimando 
Agnes, 2007). Polyketides have been generally categorised into two groups; those that are derived 
from largely aromatic compounds, and compounds in which the carbonyl functionalities are mostly 
reduced during the extension process (Baerson Scott and Rimando Agnes, 2007). Due to the 
diversity in polyketide structure, these compounds have demonstrated a variety of properties 
including antimicrobial activity. Bacillaene, difficidin and macrolactin are all polyketides that are 
produced by B. amyloliquefaciens and have exhibited antimicrobial activity. 
 Bacillaene is a polyketide that is synthesised by the bae gene cluster with a structure that 
consists of an open-chain enamine acid with an extended polyene system (Chen et al., 2006; 
Butcher et al., 2007). The antimicrobial activity of bacillaene extends from its ability to inhibit 
protein synthesis. Previous studies have suggested that bacillaene acts during the initiation stage of 
protein synthesis, although only towards prokaryotes, not eukaryotes (Patel et al., 1995). It is most 
effective against bacteria with a hyper-permeable membrane as it struggles to cross the outer cell 
membrane (Patel et al., 1995). This may suggest that the antimicrobial activity of bacillaene works 
congruently with other compounds that have the potential for cell membrane disruption. 
 The antimicrobial compound difficidin isolated from the cell-free filtrate of B. 
amyloliquefaciens has demonstrated an inhibitory effect on protein synthesis and affects cell wall 
integrity (Wu et al., 2015; Zweerink and Edison, 1987). The biosynthesis of difficidin is performed 
by the dfn gene cluster and with the structure of a highly unsaturated macrocyclic polyene lactone 
phosphate ester (Wilson et al., 1987). Difficidin has demonstrated a broad spectrum of 
antimicrobial activity against both aerobic and anaerobic bacteria. Its inhibition includes antibiotic 
resistant pathogens such as methicillin-resistant Staphylococcus aureus and streptomycin-resistant 
Morganella morganii (Zimmerman et al., 1987). 
 Like difficidin, macrolactin is a polyketide with a cyclic structure. It is a 24-membered 
macrocyclic lactone ring with three separate diene structure elements (Gustafson et al., 1989). The 
gene cluster mln is responsible for macrolactin biosynthesis in which it is assembled from 
acetate/malonate precursors (Schneider et al., 2007). Studies into the antimicrobial activities of 
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macrolactin have shown that its inhibitory effect is bacteriostatic, not bactericidal (Romero-Tabarez 
et al., 2006). Macrolactin has been demonstrated to induce morphological alterations in the 
septation process of replicating cells, preventing the separation of daughter cells (Romero-Tabarez 
et al., 2006). This effectively inhibits cell division of affected cells and thus stops proliferation. The 
antimicrobial activity of macrolactin has demonstrated antiviral properties, effectively inhibiting 
Herpes simplex type I virus (strain LL) and type II virus (strain G). Antibiotic resistant Gram 
positive pathogens such as Staphylococcus aureus and vancomycin-resistant enterococci have also 
been shown to be inhibited by the macrolactin compound, although it has shown to be less effective 
against Gram negative bacteria (Nagao et al., 2001). 
 With the accumulation of such a large complement of antimicrobial compounds, it is 
unsurprising to discover that B. amyloliquefaciens has been used as a probiotic in a number of 
different circumstances (Chen et al., 2009; Liu et al., 2011). The antimicrobial action of each 
compound contributes to the broad spectrum of inhibition. The membrane active lipopeptides 
provide a fungicidal action whilst the polyketide compounds contribute significantly to bacterial 
inhibition. The literature has demonstrated that the majority of these compounds cause inhibition 
through different means, which vary from: disrupting the cell membrane, inhibition of protein 
synthesis or through inhibiting cell division. This diversity in the mode of action further contributes 
to the spectrum of inhibition by B. amyloliquefaciens. 
  
1.4 Methods for analysing the rumen microbiome 
The rumen microbiome is extremely diverse with organisms from all three domains of life present. 
These organisms have adapted to the unique environment of the rumen allowing them to proliferate 
and contribute to the rumen processes. A large number of rumen microorganisms have been 
identified and characterised using culture-based techniques, although it is just a small fraction of the 
total rumen microbial population. It wasn’t until the development of molecular sequencing 
techniques that it became possible to characterise these unculturable organisms. Molecular-based 
techniques act on the molecular level, utilising the uniqueness of DNA and RNA to characterise 
different organisms without the need for cultivation. The development of molecular techniques also 
allows for the application of organism-specific assays including the enumeration and visualisation 
of a specific organism within a population. This chapter will discuss such techniques and their 
application in the analysis of the rumen microbiome. 
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1.4.1 DNA extraction 
Before DNA-based molecular analysis can be applied to rumen fluid samples, the cellular DNA 
must first be extracted from the cells while removing proteins and enzymes. The microbial cell wall 
provides an initial barrier that must be lysed to release the cellular content. There have been a 
number of lysis methods developed which utilise enzymatic, chemical and physical methods to do 
this (Yu and Forster, 2005; Mackie and Cann, 2005). As not all cells are lysed with equal ease, it is 
important to choose the method that is most suited to the samples and the analysis to be undertaken. 
DNA from organisms such as E. coli that do not have a thick cell wall may be extracted with the 
simple addition of lytic enzymes. This will reduce damaging the DNA, providing a high-quality 
template for PCR and other molecular analysis methods. Conversely, rumen fluid samples contain a 
high number of Archaea and other organisms. To extract DNA from these samples a more severe 
approach is required by a mechano-chemical lysis method.  
 Bead beating is a cell lysis method that uses sterile zirconia beads of about 0.1 mm in 
diameter to disrupt the cell wall releasing cellular contents (Yu and Forster, 2005). This method has 
proven to be effective in the lysis of Bacillus spores with a 92.5-97.8% efficiency (Jørgensen and 
Leser, 2007). Using the Nuclisens Lysis Buffer (Biomerieux, Durham, NC, USA) a DNA extraction 
efficiency of only 70-85% was recorded when extracting from Bacillus spores (Wielinga et al., 
2011). A combination of bead beating in the presence of a lysis buffer will likely increase the lysis 
potential and thus a greater amount of DNA would be extracted. 
 
1.4.2 Quantitative PCR 
The rumen is an ecosystem populated by a variety of different microorganisms. The real-time 
quantitative PCR (qPCR) assay allows for the quantification of one species of organism in a 
populated sample by targeting a specific genetic sequence. This is ideal for the quantification of 
H57 in rumen fluid samples to develop an understanding of its survivability and growth in the 
rumen. 
 Currently, there are two main methods of qPCR that vary in how the amplified product 
fluoresces and thus is detected. In both instances forward and reverse PCR primers are designed that 
are specific to the organism(s) you want to quantify. During the PCR reaction, the fluorescent light 
emissions are registered in real time after each cycle. In the early cycles the fluorescence emission 
remains at background levels. As the reaction continues, the emissions in each cycle increases to a 
level that is significantly greater than the background and thus detectable. With further replication 
the reaction reaches its optimum amplification period or log phase, wherein an ideal reaction 
doubling occurs after each cycle. This continues until all the reaction components are used up 
causing the detected fluorescence to plateau (Higuchi et al., 1993). During the log phase 
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amplification, a fluorescence threshold is set to determine at which cycle each sample reaches the 
designated fluorescence. Samples more abundant in the targeted DNA sequence will reach this 
fluorescence threshold at an earlier cycle than less abundant samples, as there is more initial 
template to begin with. The cycle threshold is then compared against a standard panel of known 
concentrations so that quantification can be achieved. 
 The TaqMan qPCR assay utilises a fluorescent probe designed to bind specifically to the 
DNA between the two primers. The fluorescent probe is an oligonucleotide, with a fluorescent tag 
covalently attached to the terminal base at one end, and a quencher molecule attached to the other 
end (Gibson et al., 1996). The quencher is a molecule that rapidly absorbs the light being emitted by 
the fluorescent tag, as long as they are in close proximity. During the PCR reaction, as the DNA is 
replicated, the exonuclease action of the polymerase enzyme removes any double-stranded DNA 
present. This includes the bound probe, which is degraded, separating the fluorescent tag from the 
quencher molecule. The separated probe is then able to emit detectable light when stimulated. After 
each round of replication, the fluorescent signal is amplified as more fluorescent tags are released. 
 Another common qPCR detection method utilises the SYBR Green I dye, which is an 
intercalating fluorescent dye. When bound to double stranded DNA (dsDNA), the fluorescence of 
the SYBR Green I dye substantially increases (Dragan et al., 2012). Therefore, as the PCR template 
is amplified, there is more dsDNA to bind to, increasing the detectable fluorescence. The SYBR 
Green assay is a popular alternative to the TaqMan assay as it is relatively inexpensive and product 
purity can be estimated through conducting a melt curve (Wittwer et al., 2013). A limitation with 
this assay is that it is susceptible to errors caused by the formation of primer dimers and secondary 
structures within the PCR template (Ponchel et al., 2003). The specificity of the SYBR Green assay 
is also not as accurate as the TaqMan assay due to the lack of template specific probe.  
 
1.4.3 Fluorescence in situ hybridisation 
Microscopic analysis is a very limited option when visualising specific microorganisms within their 
natural environment. With most species, it is practically impossible to characterise down to the 
species level using just cellular morphology. Fluorescence in situ Hybridisation or FISH provides a 
rapid and sensitive detection method that allows the visualisation of an individual organism within a 
microbial population. Some limitations of FISH are that naturally fluorescent biological or 
inorganic debris may cause auto fluorescence in environmental samples. If the specificity of the 
FISH probe is not specific enough, false positives may occur from closely related organisms. 
Additionally, insufficient probe penetration may cause false negative results as the probe is unable 
to bind the DNA and is washed away (Moter and Göbel, 2000).  
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 FISH allows for the visualisation of a specific organism, by hybridising a fluorescently 
labelled probe to its complementary genetic sequence that is unique to that organism. Probes may 
be designed to be organism specific or may be used to visualise a particular family or genera. As the 
cell is kept intact it allows for the whole cell to fluoresce when viewed under a fluorescent 
microscope, providing that enough probe has hybridised (Moter and Göbel, 2000). It is for this 
reason that the most commonly used target for FISH is the RNA (in particular rRNA) as most 
organisms have multiple copies of ribosomal RNA, providing multiple sites for probe hybridisation. 
The FISH procedure has four main steps, (i) fixation and permeabilisation, (ii) hybridisation, (iii) 
washing and (iv) visualisation. The first step, fixation, employs steps to permeabilise the cell whilst 
maintaining cell integrity and retaining the maximum quantity of target RNA. This involves the 
addition of precipitation agents such as ethanol in conjunction with cross-linking agents such as 
aldehydes (Moter and Göbel, 2000). Depending on the organism, certain pre-treatments such as 
lysozyme, mutanolysin or mild acid hydrolysis, may be needed to assist with permeabilisation. 
Once the cell is permeabilised, the fluorescent probe is added in the presence of a hybridisation 
buffer to assist in annealing the probe to the target sequence. This hybridisation step requires very 
stringent conditions to ensure the probe anneals properly and specifically. The stringency is usually 
regulated by altering the concentration of formamide in the hybridisation buffer, or the temperature 
of hybridisation. Formamide weakens hydrogen bonds and thus reducing the melting temperature 
required for hybridisation (Moter and Göbel, 2000). Following hybridisation the toxic formamide, 
along with any unbound probe, is washed off using a wash buffer with varying salt concentration 
according to the concentration of formamide. The samples can then be examined under a 
fluorescent microscope with the appropriate filter according to the colour probe used. 
 There are two ways of labelling and detecting a probe in FISH. The direct method, which 
involves an oligonucleotide that is complementary to the target sequence. Attached to the 
oligonucleotide is a covalently bound fluorochrome which can be readily detected by a fluorescent 
microscope (Lakatošová and Holečková, 2007).  The other method is indirect labelling. Indirect 
labelling involves incorporating nucleotides that are chemically modified with a compound, such as 
digoxigenin or biotin into the probe. After hybridisation, the sample is washed with high-affinity 
antibodies conjugated with the appropriate fluorochrome. These antibodies bind to either the 
digoxigenin or biotin molecule and are visualised under a fluorescent microscope (Lakatošová and 
Holečková, 2007). 
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1.4.4 Next generation sequencing  
Next generation sequencing methods have opened the doors to an extensive library of knowledge 
ascertained about an organism or a community of organisms. Genomics is a term to represent the 
study of all genetic material found within an organism (Hugenholtz and Tyson, 2008). Due to the 
sheer size of genetic material found in a single individual, it was essential that new methods for 
DNA sequencing were developed. Sequencing methods such as pyrosequencing and reversible dye-
terminator sequencing, not only supplied an efficient and cost effective method of high throughput 
sequencing, but they also enabled community profiling, metagenomics and metatranscriptomics.  
 
1.4.4.1 Sequencing technologies 
1.4.4.1.1 Pyrosequencing 
Pyrosequencing is a technique that utilises a series of enzymatic reactions, to monitor the release of 
pyrophosphate (PPi) during DNA synthesis, in order to sequence the DNA template. During the 
replication process, a polymerase enzyme ligates nucleic acids to the template strand releasing 
pyrophosphate. The pyrophosphate molecule is then converted to ATP by the enzyme ATP-
Sulfurylase. ATP then provides the energy for Luciferase to oxidise Luciferin into Oxyluciferin, 
which generates light energy (Fig 1.8). The released light energy is then detected forming a peak on 
the chromatograph (Ronaghi et al., 1996). With each cycle, only one base is added at a time 
allowing for sequence determination of the DNA template. If the next base to be inserted is an A 
and CTPs are added then there will be no reaction and therefore no light released. If the next two 
positions are A’s and ATPs are introduced, then twice the amount of light will be produced as both 
A’s are incorporated into the template producing a double sized peak. At the end of the reaction, the 
remaining nucleotides are removed allowing for the addition of subsequent nucleotides. This 
technique can generate sequence read lengths of more than 300 base pairs (bp)  (Mashayekhi and 
Ronaghi, 2007). 
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Figure 1.8: Schematic representation of the pyrosequencing enzymatic progress. 
Figure reproduced from Ronaghi (2001). 
  
There are two strategies for pyrosequencing; liquid phase and solid phase. Solid-phase 
pyrosequencing utilises immobilised DNA during the sequencing process. In this process, excess 
dNTPs are removed using a wash step before the next round of dNTPs are added. During liquid-
phase pyrosequencing, the DNA template is not immobilised and so excess dNTPs are 
enzymatically degraded instead of washed away. A fourth enzyme called Apyrase is added to the 
reaction mix which hydrolyses nucleoside triphosphates into nucleoside monophosphate and 
inorganic phosphate (Babu et al., 2002). 
 The high sequence output of pyrosequencing allows for assembly of entire microbial 
genomes within a few runs. One run of pyrosequencing using the Roche 454 GS FLX+ can 
sequence up to a total of 0.7 Gb, with each individual read length of approximately 1,000 bp 
(Nicholas et al., 2012). Using the Roche/454 sequencer it is possible to sequence multiple libraries 
although it is limited to a maximum of 96 individual samples. These samples are physically 
separated on the sequencing medium to prevent contamination and thus restrict the quantity of 
template to be sequenced. By using DNA barcoding it is possible to identify sequences from a 
specific sample when all samples are pooled for pyrosequencing (Parameswaran et al., 2007). 
Barcodes can be added by first ligating the barcode with the sequencing adapter to amplicons 
 32 
created with conventional PCR primers. Another method uses primers, which already have the 
barcode and sequence adaptor attached to the 5’ end (Berry et al., 2011). Each barcode provides a 
unique sequence that is detected during the pyrosequencing reaction, allowing for the sequences of 
a single sample to be grouped during sequence analysis. The number of unique barcode sequences 
is only limited by the number of bases, although long barcodes are not feasible in pyrosequencing 
due to the restrictions in read length (Chen et al., 2012).  
 
1.4.4.1.2 Sequencing by ligation 
Ligation-mediated sequencing utilises the hybridisation and ligation of two-base-encoded probes to 
ascertain the template sequence (Shendure et al., 2005). The template is first fragmented and 
adapter sequences (P1 and P2) are ligated to each end. The fragments are then hybridised to beads 
covered in oligonucleotides complementary to the P1 adaptor. This is performed in microemulsions 
where the aqueous solution and oil create individual aqueous compartments of around 5.4 ± 2.7 µM 
in diameter (Dressman et al., 2003). Beads are added to the emulsion in quantities far less than the 
available compartments, ensuring that roughly only one in 30 compartments contain a bead. The 
template fragments are added at reduced quantities as well, with approximately only one in six 
compartments containing a template fragment (Dressman et al., 2003). The hybridised template 
fragments are then amplified via PCR forming clusters of a single template sequence. The beads are 
then collected and added to a glass slide for sequencing. 
 Sequencing is performed with the addition of a universal sequencing primer complementary 
to the P1 adaptor, and a di-base probe complementary to the first two bases of the template 
sequence (Fig 1.9 (1)). As presented in Fig 1.9, the di-base probes are constructed with a known 
dinucleotide, followed by a number of universal/degenerate bases and a corresponding fluorophore. 
After hybridisation the fluorescent signal is recorded and the fluorophore is cleaved allowing the 
next probe to bind (Fig 1.9 (2 and 4)). The process is then repeated to extend the sequence. Due to 
gaps caused by universal bases, primers with single-nucleotide offsets are introduced to ensure 
every nucleotide is sequenced (Fig 1.9 (6)). The offset allows for the first base to be known, which 
provides the starting point for all subsequent bases to be identified according to the fluorescence 
observed at each nucleotide position (Shendure et al., 2005). 
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Figure 1.9: Summary of sequencing by ligation technology. 
1) Ligase is used to hybridise di-base probe to the template strand. 2) The fluorescent signal respective of the 
dinucleotide is detected. 3) A phosphatase is used to remove the 5’ phosphate of unextended strands preventing further 
replication. 4) The 5’ end of the di-base probe is cleaved removing the fluorophore and leaving an available phosphate 
for further di-base probe ligation. 5) Steps 1-4 are continually repeated with each successive cycle. 6) At the completion 
of cycling, the hybridised strand is denatured and the process is repeated using a universal sequencing primer minus one 
nucleotide so that each added probe is offset by one base. 7) The strand is polymerised with di-base probes whilst 
recording the fluorescent signal of each probe. 8) The whole process is repeated using universal sequencing primers 
with single nucleotide offsets to the previous primer until the whole sequence of the template strand can be 
characterised. Figure reproduced from (Valouev et al., 2008).   
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Sequencing by ligation technology was incorporated into the Applied Biosystems SOLiD 
(Sequencing by Oligonucleotide Ligation and Detection) platform. The SOLiD 5500xl W system 
has a throughput of ~320 Gb with read lengths of 2 x 50 bp for mate pair sequencing (SOLiD® 
next-generation sequencing systems & accessories). Even though the reads sequenced by ligation 
are quite short, the accuracy is quite high as each base is sequenced twice using the dinucleotide 
probes. One disadvantage of this method is that it is unable to sequence palindromic sequences due 
to the potential formation of hairpin structures that prevent the ligation of probes (Huang et al., 
2012).  
 
1.4.4.1.3 Ion semiconductor sequencing 
Sequencing with the use of ion semiconductors is different to most other sequencing technologies, 
as it does not require optics for base detection. Instead, the incorporation of a base is determined by 
the electrical detection of protons released from the polymerisation reaction (Rothberg et al., 2011). 
Ion Torrent Systems Inc. developed this technology with the Ion S5 XL as their flagship product. 
The Ion S5 XL is capable of outputting 10-15 Gb with a read length of 200 bp, or 1.5-4.5 Gb with 
longer read lengths of 600 bp (Ion S5 and Ion S5 XL next-generation sequencing). 
Like sequencing by ligation, the DNA template is fragmented and hybridised to beads, so 
that one bead is covered in representatives of a single template fragment. The beads are added to 
microwells of roughly 3.5 µm in diameter, situated on a semiconductor chip (Rothberg et al., 2011). 
During the sequencing process, the chip is flooded with a single species of dNTP along with the 
necessary polymerisation reagents. If the base is incorporated into the DNA strand, the Hydrogen 
ion released as a result of phosphodiester bond formation causes a reduction in pH that is detected 
by the chips sensor (Fig 1.10). If no base is incorporated no signal is observed, while if multiple 
bases are incorporated, the signal amplifies proportionally to the number of bases incorporated 
(Rothberg et al., 2011). A limitation of this technology is that with homopolymeric DNA, various 
sources of interference caused by the solution can lead to errors in signal interpretation. Rothberg et 
al. (2011) observed a 3% reduction in accuracy when calling a 5 base homopolymer. 
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Figure 1.10: Schematic of an ion semiconductor sequencing well. 
Cloned DNA from a single template is immobilised on a bead and polymerised in the presence of a single nucleotide. 
As a pyrophosphate and hydrogen ion are released during polymerisation the resultant change in pH alters the surface 
potential of the ion-sensitive metal oxide layer. The change in surface potential is converted to voltage and the addition 
of a nucleotide is recorded. The wells are washed and sequentially exposed to pure solutions of the remaining 
nucleotides. Figure was modified from (Robison, 2011). 
 
1.4.4.1.4 Reversible dye-terminator sequencing 
Reversible dye-terminator sequencing is a technique that combines solid-state amplification with 
the use of reversible terminators. The sequencing process can be grouped into three steps; (i) sample 
preparation, (ii) cluster generation and (iii) sequencing.  
 Sample preparation begins by fragmenting the DNA template into fragments of less than 
600 bp. This is usually performed by sonication which utilises short bursts of focused acoustic 
waves to break up the DNA strand (Sambrook and Russell, 2006). Following fragmentation 5’ and 
3’ overhanging ends are filled in or removed by T4 DNA Polymerase. The ends are then adenylated 
to provide an A overhang for adapter ligation (Meyer and Kircher, 2010). Adapter ligation uses T4 
DNA Ligase to attach two different adapters (P5 and P7) to either end of the DNA fragment. These 
fragments are then amplified. The resultant product is purified to remove excess adapters and any 
sequences with the same adapter bound to both ends (Bowman et al., 2013). 
 Cluster generation begins with hybridisation to the flow cell. A flow cell is a glass slide that 
has 8 lanes covered with a heterobifunctional cross-linking reagent. This cross-linking reagent is 
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covalently bound to the slide at one end while the other end is bound to an oligonucleotide that is 
complementary to one of the adapters, P5 or P7 (Adessi et al., 2000). The flow cell lawn is covered 
by covalently bound oligonucleotides complementary to both the P5 and P7 adaptors. As the 
template fragments are added to the flow cell, it hybridises to the flow cell lawn, attaching to either 
of the two types of oligonucleotide depending on the strand. A polymerase then makes a 
complementary strand to the hybridised fragment. With a denaturing step, the original template 
strand is denatured and washed away leaving the covalently bound complementary strand. The 
complementary strand then folds over allowing the free end to bind to a nearby covalently bound 
oligonucleotide of the second type. With the addition of polymerase, the bound strand is 
isothermally replicated forming a double stranded bridge. With further denaturation, the two strands 
are separated leaving two single-stranded copies of the target fragment. The replication process is 
then repeated with the free end of each strand attaching to a covalently bound oligonucleotide 
(Pettersson et al., 2009). This bridge amplification continues producing small clusters of single 
stranded DNA of both the template and complementary strand of the target sequence. Multiple 
sequences are amplified simultaneously producing clusters composed of approximately 1,000 
copies for each individual sequence (Morozova and Marra, 2008). 
 After bridge amplification, the reverse strands are then cleaved and washed off leaving only 
the forward strands for sequencing. This is performed using reversible terminator sequencing. A 
primer is bound to the forward strand and replication occurs through the addition of fluorescently 
labelled nucleotides. These nucleotides are reversible terminators, which terminate replication once 
bound (Bentley et al., 2008). After the addition of each base, the clusters are excited by a light 
source, revealing which base has been incorporated. The fluorophore is then cleaved allowing for 
the replication process to continue. During each round of replication, all four bases are added in 
competition to reduce misincorporation of bases (Morozova and Marra, 2008). At the completion of 
the forward strand replication, the replicated strand is denatured and washed off. The free end then 
folds over and binds to the second type of oligonucleotide attached to the flow cell. After 
replication, the resultant two strands are denatured and the forward strand is cleaved leaving only 
the reverse strand. The sequencing process is then repeated for the reverse strand (Morozova and 
Marra, 2008). At the completion of sequencing both the forward and reverse strands, the sequence 
reads are analysed and clustered together to provide the complete sequence for each DNA template. 
 With reversible dye-terminator sequencing technology, one flow cell is able to generate 10 
million single-molecule clusters per square centimetre. In one run using the Illumina HiSeq X 
system over 1,800 Gb are sequenced. This is a much higher throughput than pyrosequencing, 
although each read length is smaller at only about 300 bp long (Illumina sequencing systems). To 
further optimise the cost of sequencing, oligonucleotide barcodes can be incorporated into the 
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sequencing adaptors. The high sequence output of Illumina ensures that for most samples even the 
smallest lane will provide an excessive amount of sequence for each sample template (Knapp et al., 
2012). With barcoded adaptors multiple samples can be pooled and run on the same lane of the flow 
cell, making for a much more cost-effective approach. 
 
1.4.4.1.5 Single molecule real time sequencing 
Pacific BioSciences (PacBio) developed a single molecule real time (SMRT) sequencing 
technology that is capable of producing much longer read lengths than typical next generation 
technologies, such as pyrosequencing and Illumina sequencing. The chemistry involves using DNA 
polymerase to incorporate bases that are fluorescently labelled on the terminal phosphate. As the 
base is incorporated, the fluorophore is cleaved and released from the detection area (Fig 1.11 B). 
To accurately detect the fluorophore and reduce interference from background fluorescence, PacBio 
developed a SMRT sequencing cell. The SMRT cell contains tens of thousands of zero-mode 
waveguides (ZMW), which are structures of metal cladding film with 50-200 nm diameter circular 
holes deposited onto a solid, transparent substrate (Levene et al., 2003). The ZMWs are designed in 
a way that in conjunction with laser-excited fluorescence, they provide an observation volume of 
only zeptolitre (10-21 L) proportions (Levene et al., 2003). This drastically reduces any background 
fluorescence that is emitted from freely diffusing fluorescent molecules. At the base of each ZMW a 
single polymerase is immobilised (Fig 1.11 A). The polymerase is situated within the observational 
area so that when the DNA template is replicated using fluorescently labelled bases, the excitation 
specific to that base is observed (Rhoads and Au, 2015). At the completion of base ligation, the 
fluorophore is released, diffusing away from the observational area. During library preparation the 
DNA template is formed into a single-stranded circular structure called a SMRTbell, that is created 
by ligating hairpin adaptors to each end of the DNA template (Rhoads and Au, 2015). The adaptors 
bind specifically to the immobilised polymerase and the DNA template is replicated in a circular 
fashion (Rhoads and Au, 2015). This allows for the sequencing of first one strand followed by the 
reverse strand repeatedly; over the lifetime of the polymerase. Depending on the length of the 
template the repeated sequencing could provide a consensus sequence with replication errors 
resolved. 
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Figure 1.11: Single molecule real time sequencing via light pulses. 
“A. A SMRTbell (grey) diffuses into a ZMW, and the adaptor binds to a polymerase immobilized at the bottom. B. 
Each of the four nucleotides is labelled with a different fluorescent dye (indicated in red, yellow, green, and blue, 
respectively for G, C, T, and A) so that they have distinct emission spectrums. As a nucleotide is held in the detection 
volume by the polymerase, a light pulse is produced that identifies the base. (1) A fluorescently labelled nucleotide 
associates with the template in the active site of the polymerase. (2) The fluorescence output of the colour 
corresponding to the incorporated base (yellow for base C as an example here) is elevated. (3) The dyelinker-
pyrophosphate product is cleaved from the nucleotide and diffuses out of the ZMW, ending the fluorescence pulse. (4) 
The polymerase translocates to the next position. (5) The next nucleotide associates with the template in the active site 
of the polymerase, initiating the next fluorescence pulse, which corresponds to base A here”. Figure and caption 
reproduced verbatim from Rhoads and Au (2015). 
 
The advantage of SMRT sequencing, is that much larger read lengths can be generated. 
Using the new PacBio RS II system with the P6-C4 chemistry, average read lengths of greater than 
20 kb can be achieved which is much greater than the 1,000 bp and 300 bp reads lengths generated 
by pyrosequencing and Illumina sequencing platforms respectively (van Dijk et al., 2014). The 
larger read lengths make it possible to resolve regions of highly repetitive sequences as unique 
flanking sequences are sequenced along within the single read. The draw-back of SMRT 
sequencing is that it does not produce the high output that a technology such as Illumina HiSeq X is 
capable of. The PacBio systems also have a high error rate of around 11-15% (Korlach, 2013) 
which can be reduced by generating reads with sufficient passes to account for the mismatched 
base. 
 
1.4.4.1.6 Nanopore sequencing 
Nanopore DNA sequencing technology utilises the concept that an ion pore protein inserted into a 
membrane will permit the flow of ionic current when a voltage is applied to the membrane 
(Kasianowicz et al., 1996). A positive charge applied internally to the membrane precipitates the 
passage of introduced single-stranded DNA through the pore. As DNA passes through the ion pore, 
fluctuations in the current, respective of strand length (Kasianowicz et al., 1996) and base 
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composition (Meller et al., 2000) provide sufficient data to differentiate between individual 
nucleotides. The sensitivity of molecular detection also allows for the detection of base 
modifications such as methylation (Wescoe et al., 2014). An issue with this technology is that if the 
DNA passes through the pore too quickly it becomes difficult to distinguish nucleotide-specific 
current changes. Therefore by positioning a polymerase at the pore entrance, double stranded DNA 
is denatured and the passage of DNA through the pore is slowed so that the nucleotide composition 
can be more accurately determined (Cherf et al., 2012). This technique allows for the sequencing of 
complete strands of DNA, and with the introduction of a covalently bound hairpin loop at the 
terminal end, the reverse strand can also be determined. The first nanopore used for DNA sequence 
analysis was a Staphylococcus aureus α-hemolysin monomer, which was selected due to its small 
pore size of ~2.6 nm in diameter (Kasianowicz et al., 1996). More recently the MspA porin of 
Mycobacterium smegmatis has been used due to the reduced pore size of ~1.2 nm in diameter 
(Manrao et al., 2011). The reduced pore size restricts the number of nucleotides that influence the 
ionic current, thus creating a more distinct current level for sequence analysis, as opposed to the 
larger α-hemolysin pore. 
 Nanopore sequencing allows for the analysis of much longer read lengths than most other 
sequencing platforms, with the Oxford Nanopore Technologies MinION being capable of 
sequencing reads of up to 98 kb long (Laver et al., 2015). Though nanopore sequencing is capable 
of sequencing read lengths longer than the typical output of SMRT sequencing, on average the 
majority of read lengths are much less, averaging at ~2,000 bp (Laver et al., 2015). The advantage 
of the MinION arises from the portability of the platform with a weight of less than 100 g. This 
allows sequencing analysis to be performed in the field reducing the processing time. 
 
 
1.4.4.2 Community profiling 
The introduction of high-throughput DNA sequencing technologies has revolutionised the field of 
microbial ecology. The large quantities of sequencing data that is produced in one run, allows for 
entire microbial populations to be sequenced. The most common method of taxonomic profiling a 
microbial community is through sequencing specific universal marker genes. The 16S subunit of 
rRNA gene has been commonly used for taxonomic classification of prokaryotes due to the 
presence of evolutionarily conserved regions, as well as regions that show species variation (Li et 
al., 2016). In fungi, the internal transcribed spacer (ITS) regions between the 18S, 5.8S and 28S 
rRNA genes are most commonly used for community profiling due to the high variation of the ITS 
regions flanked by the conserved ends of rRNA genes (Li et al., 2009; Taylor et al., 2016). To 
sequence the community profile, these universal marker genes are amplified using PCR and the 
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amplified product is sequenced using high-throughput sequencing technologies mentioned 
previously. These sequences are then taxonomically classified using bioinformatic programs such as 
scripted modules of the QIIME (Quantitative Insights Into Microbial Ecology) pipeline (Caporaso 
et al., 2010) and UPARSE pipeline (Edgar, 2013). The classified reads are assembled into a table of 
operational taxonomic units (OTUs), which represent the different species within the community 
and their relative abundances. The OTU reference sequences are then searched against specially 
curated databases, such as the 16S rRNA gene database of Greengenes (DeSantis et al., 2006) or 
SILVA (Quast et al., 2013). The data provided, gives information on species richness and the 
phylogenetic diversity of microbial populations (Caporaso et al., 2011). It does not however, 
provide information on the functionality of those populations. By targeting specific functional 
marker genes, it is however possible to develop a community profile of organisms with a similar 
function. By targeting the dissimilatory sulfite reductase gene (DsrAB) populations of sulfite- and 
sulfate-reducing microorganisms were able to be identified within communities of arctic surface 
sediments and peat soil (Pelikan et al., 2016).  
Limitations of this technique come with the introduction of PCR bias and the formation of 
PCR chimeras, which could lead to inaccurate classifications and abundances (Schloss et al., 2011). 
Using a marker gene such as the 16S rDNA alone can also limit the specificity of classification due 
to variations in the similarity between species. Species within the Bacteroides phylogenetic cluster 
have shown a divergence of up to 7% in the 16S rRNA gene, while the majority of bacteria differ 
from related species of the same genus by roughly 1% (Song et al., 2005).  
 
1.4.4.3 Metagenomic sequencing 
Metagenomics is the non-specific sequencing of genetic material from a community of organisms 
inhabiting a common environment (Gene et al., 2004). As metagenomics involves sequencing all 
available genetic material and not just a specific gene, the potential functionality of the population 
can be established as well as that of the individual species. In a previous study comparing the 
metagenomes of different populations (agricultural soil, surface marine water and deep sea whale 
carcass), the authors annotated sequenced reads providing a functional profile of genetic potential 
for each metagenome (Tringe et al., 2005). The metagenomes were then compared and unique 
functions within the respective populations were identified. The data accumulated from 
metagenomic sequencing also allows for the assembly of dominant genomes within the population. 
Evans et al. (2015) assembled two Bathyarchaeota genomes from a metagenomic data set, 
providing novel genomes for a phylum in which there were few genome representatives. With the 
metabolic reconstruction of these Bathyarchaeota, novel methane metabolism pathways were 
established providing further insights into the metabolic potential of these organisms (Evans et al., 
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2015).  A limitation of this type of analysis is that only the genetic potential can be determined and 
not whether the genes are actively expressed. To characterise the induced functional activity, 
transcription based sequencing is required. 
 
1.4.4.4 Metatranscriptomic sequencing 
The transfer of genetic material from the nucleus to the ribosome for translation into protein is 
performed by messenger RNA (Shyu et al., 2008). After translation the mRNA is rapidly degraded 
(Moore, 2005), making it a suitable target for determining gene activity at a given point in time. The 
term metatranscriptomics refers to sequencing the total mRNA within a population, providing a 
functional profile that represents the genes actively being produced at the time of sampling. 
Metatranscriptomic analysis in complement with metagenomics has been used to identify variations 
in community gene expression as a response to changes in environmental conditions. Gilbert et al. 
(2008) demonstrated an increase in gene expression of Bacteroidetes during peak bloom of 
phytoplankton from water samples, as opposed to samples taken post-bloom. Alternatively, the 
number of viral transcripts substantially increased post phytoplankton bloom (Gilbert et al., 2008). 
In both instances there was no significant change in the DNA abundance, suggesting that there was 
no change in the overall taxonomic profile (Gilbert et al., 2008). A study on the oxygen minimal 
zones (OMZ) of waters off northern Chile, demonstrated that with the use of metatranscriptomics, 
key metabolic processes within an environment could be established as well as the taxa responsible 
(Stewart et al., 2012). Stewart et al. (2012) revealed that genes encoding ammonia monooxygenase 
(AmoABC) were among the most highly expressed genes across three of the four OMZ, with 
Crenarchaeal relatives of Nitrosopumilus maritimus as the taxa primarily responsible. In another 
rumen-based study, metatranscriptomics in concert with metagenomics were used to analyse an 
abundance of Sharpea in the rumen of low methane yield sheep as opposed to those with high 
methane yield. It was found that the abundant Sharpea populations showed higher transcription of 
genes involved with lactate production and it’s conversion to butyrate (Kamke et al., 2016). The 
conversion of lactate to butyrate instead of propionate, produces less methane than the direct 
fermentation of hexoses to butyrate (Janssen, 2010), which would support the lower methane yield 
in these animals. 
 
1.4.4.5 Single cell genomics 
The advantages of metagenomic sequencing is somewhat limited by the coverage depth, as only the 
more dominant populations within a complex community are sequenced with sufficient coverage 
for whole genome analysis. Single-cell genome sequencing concentrates on the whole genome 
analysis of single cells. This provides a more specific analysis on populations that may not be 
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abundant enough to be sufficiently analysed in a metagenomic data set. Using single-cell genomics, 
Joran et al. (2015) characterised a novel Rickettsiaceae named Ca. Arcanobacter lacustris, from a 
freshwater lake sample. Through comparison of metagenomic data sets taken from the same lake, 
only 0.008% of the reads were identified as an A. lacustris relative (Joran et al., 2015). The ability 
to sequence the genome of an organism with such low abundance has provided novel insights into 
the organism’s evolution and diversity.  
As sequencing data originates from a single cell this technique can account for heterogeneity 
within individual populations. Elowitz et al. (2002) used single-cell genomics to study 
heterogeneity in E. coli populations, thought to be the result of the stochasticity of gene expression. 
It was found that E. coli differing only by deletion of the recA gene, exhibited considerable 
phenotypic variability (Elowitz et al., 2002). In humans, analysing the genetic variation in 
individual tumor cells has provided insights into the evolutionary development of cancer cells, thus 
identifying mechanisms causing relapse (Shlush et al., 2012). 
 
1.5 Hypothesis and conclusion 
From the literature, it appears that probiotic microorganisms possess potential in maintaining a 
healthy enteric microbial ecosystem. These organisms are able to inhibit the proliferation of 
pathogenic microorganisms through a multitude of different inhibition strategies. This may include: 
the stimulation and enhancement of the host immune system, production of antimicrobial 
compounds, or through general competition for substrate (Kligler, 2008). In ruminants, the 
digestion of plant material is primarily conducted by rumen microorganisms. By maintaining a 
stable and healthy rumen microbiome the digestive efficiency of the ruminant increases, thus 
contributing to improved animal production. A number of probiotics have demonstrated an ability 
to benefit ruminants, although the mode of action and the impact the probiotic has on the rumen 
microbiome, is not always known. The bacterium B. amyloliquefaciens H57 is one such example of 
a probiotic that has demonstrated a positive influence on weight gain and nitrogen retention in 
sheep and cattle (Brown and Dart, 2005; Le et al., 2016a; Le et al., 2016b). The primary objective 
of my research aims to develop an understanding of how H57 is able to benefit these animals. It is 
hypothesised that the production of antimicrobial compounds that are typically produced by B. 
amyloliquefaciens strains, may influence the rumen microbial community to provide a more 
efficient functioning rumen microbiome. With the use of next generation sequencing technologies, 
the genome of H57 can be elucidated revealing it’s genetic potential. We hypothesise that the 
defence mechanisms of B. amyloliquefaciens strains would be conserved between strains. Thus it is 
likely that H57 has the genetic potential to express antibiotic lipopeptides common to B. 
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amyloliquefaciens, such as: surfactin, bacillomycin D and fengycin (Chen et al., 2009; Niazi et al., 
2014). 
 As the digestion of plant material primarily occurs in the rumen, it is hypothesised that H57 
stimulates changes to the rumen microbiome that allow for a more efficient digestion of feed 
material. Community profiling of the rumen microbiome in ruminants fed H57 will identify 
changes to the dominant rumen microbial community. Metagenomic and metatranscriptomic 
analyses will provide evidence of changes in the functionality of the rumen microbiome resulting 
from the feeding of H57. The objective being that by understanding how H57 influences the rumen 
microbiome and its functionality, that the mechanism resulting in increased weight gain and 
nitrogen retention of ruminants fed H57 may be elucidated. This knowledge has the potential to 
improve the efficiency of production by ruminants and could be a substantial benefit to meat 
production and the agricultural industry in general. 
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2 Cultivation and growth of Bacillus amyloliquefaciens H57 
for use as a ruminant probiotic 
2.1 Introduction 
Members of the Bacillus genus have been used as probiotics because of their particular 
morphological and metabolic characteristics. The vast majority of Bacillus species form spores, 
which provide resistance to hostile conditions, including the low pH of the digestive tract. The 
desiccated form of the Bacillus spore is heat stable and resistant to gastric conditions (Barbosa et 
al., 2005; Cutting, 2011). In addition to spore formation, many Bacillus species produce a range of 
antimicrobial compounds (Caldeira et al., 2011; Chen et al., 2009) that may benefit animals by 
inhibiting the growth of pathogenic organisms such as enterohaemorrhagic Escherichia coli 
(Stevens et al., 2002),  Fusobacterium necrophorum, which has been known to cause abscesses in 
the bovine liver (Tadepalli et al., 2009), Salmonella and other pathogenic organisms (La Ragione 
and Woodward, 2003). When administered to Chinese Holstein cows at 2 x 109 live cells per gram, 
100 g per day, Bacillus licheniformis (strain number 1.183) increased fibre digestion by 4.4% 
compared to the control animals (Qiao et al., 2010). The increased fibre digestion was thought to be 
caused by stimulating populations of fibrolytic bacteria, though this was unconfirmed (Qiao et al., 
2010). 
The inoculum of B. amyloliquefaciens H57 was first isolated in 2005 by Brown and Dart as 
a method to biologically control hay spoilage agents such as mould. They isolated a range of 
bacteria from hay material that was moistened but did not become spoiled, and from fresh Lucerne 
plants, that had the potential to inhibit spoilage organisms such as members of the genera 
Aspergillus, Scopulariopsis, Fusarium, Stachyobotris, Eurotium, Trichomonascus and 
Cephalosprium (Cheli et al., 2013; Lacey, 1989). These isolates underwent further selection for 
bacteria with spore forming capabilities (Brown and Dart, 2005). Spores can provide an inoculum 
with extended shelf life, as the spores provide protection from heat, desiccation and certain 
chemicals.  
This chapter describes the methods used to cultivate large quantities of H57 inoculum for 
use in ruminant feeding trials. The process produced live vegetative cells and spores suitable for 
incorporating in ruminant feeds. Furthermore, germination and growth in an anaerobic, rumen-like, 
environment was assessed in vitro. 
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2.2 Materials and methods 
2.2.1 Cultivation of the H57 inoculum 
The H57 inoculum was cultivated in a series of batch cultures that were scaled up at each 
succeeding stage. The initial glycerol stock culture (Feltham et al., 1978) of H57, stored at -80°C 
was revived in a McCartney bottle agar slope. The agar slopes were prepared by pouring 15 mL of 
molten nutrient agar (NA) consisting of 0.5% peptone, 0.5% sodium chloride, 1% glucose, 0.3% 
yeast extract and 1.4% Davis gelatine agar, into a sterile 28 mL McCartney bottle (Micro Teknik, 
Ambala Cantt, India). The NA was autoclaved at 121°C for 20 min then allowed to cool in a 
slanting position. These McCartney bottle slopes were then inoculated with a pure culture of H57 
from the glycerol stock and then incubated overnight at 30°C. 
 Colonies grown on the cultured McCartney bottle slope were then used to inoculate flat 
flask agar slopes. Flask slopes were prepared by pouring 125 mL of sterile (autoclaved at 121°C for 
20 min) molten NA into a sterile 250 mL CELLSTAR® Filter Cap Cell Culture Flask (Greiner Bio-
One GmbH, Kremsmünster, Austria). The flask was then allowed to cool in a slanting position. To 
inoculate, 500 µL of sterile H2O was added to a single McCartney bottle containing the revived H57 
culture and the cells were resuspended by multiple pipetting movements. The resuspended cells 
were then added to a flask agar slope and spread over the agar surface by tilting. These flask 
cultures were then incubated overnight at 30°C. 
The overnight flask cultures of H57 were then used as an inoculum for the next batch 
culture, a 500 mL starter broth. Starter broths were prepared by adding 500 mL of a nutrient broth 
(0.5% peptone, 0.5% sodium chloride, 1% glucose and 0.3% yeast extract) to a 1 L Erlenmeyer 
flask (Thermo Fisher Scientific, Waltham, MA, USA). These flasks were then plugged with non-
absorbent cotton wool and covered with aluminium foil and sterilised by autoclaving for 20 min at 
121°C. Each starter broth was inoculated with a single flask slope culture as follows. A 9 mL 
volume of sterile H2O was aseptically added to the flask culture. The cells were resuspended by 
shaking the flask by hand and by using a sterile loop to dislodge attached colonies. Working in a 
laminar flow workstation DFM 44 (Gelman Sciences, Woodlands, Singapore), the resuspended 
cells were then aseptically poured into the starter culture broth. The inoculated starter cultures were 
then incubated overnight at 30°C with shaking on an orbital shaker (Model OP 3422, Paton 
Scientific, Victor Harbor, SA, Australia) at 150 oscillations per minute (OPM). 
The primary cultivation of H57 is performed in 2 x 20 L custom made drum fermentors (Fig 
2.1). The drum fermenters are constructed of stainless steel with a diameter of 285 mm and a height 
of 340 mm (Appendix 1, Fig S2.1). Samples were collected from the harvesting port, which 
employs a 320 mm long steel tube reaching to within 20 mm from the bottom of the vessel 
(Appendix 1, Fig S2.1). The fermenter contents are aerated via 220 mm long metal gas spargers at 
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the base producing c.100 µm diameter bubbles (Fig 2.1 C). Media for the drum fermentors was 
prepared by adding 9 L of Fermentation broth (Appendix 1, Table S2.1), excluding glucose and 
sucrose, into a 20 L drum fermentor (Fig 2.1). To both the auxiliary port (Fig 2.1 A) and the 
harvesting port (Fig 2.1 B), 15 cm of 10-12 mm (internal diameter) silicon tubing was attached. The 
tubing on each port was plugged with non-absorbent cotton wool and covered with aluminium foil. 
Tubing on the harvesting port was then sealed by kinking and securing with a thick rubber band. 
The drum fermentors were sterilised by autoclaving at 121°C for 60 min. The drums were left in the 
autoclave for an additional 2 h before opening the autoclave door to prevent overflow from 
superheated liquid. A 1 L volume of carbon source (Appendix 1, Table S2.1) was prepared 
separately in a 2 L Erlenmeyer flask (Thermo Fisher Scientific, Waltham, MA, USA). The flask 
was plugged with non-absorbent cotton wool and covered with aluminium foil. These sugars were 
autoclaved separately at 121°C for 20 min. After autoclaving, the sugars were poured aseptically to 
the drum fermentor through the screw cap, within a laminar flow hood to give a final volume of 10 
L. 
 
 
Figure 2.1: Drum fermentor.  
A) Auxiliary port; B) Harvesting port; C) Sparger. 
 
To inoculate the drum fermentors, 1 L of starter broth was added to each drum. The drums 
were incubated for 7 h at 30°C whilst being aerated, first with sterile air then with oxygen. The 
spargers used were a custom made sparger designed to produce fine bubbles for an increased 
surface area (Fig 2.1 C). Air was introduced for the first 4.5 h at a flow rate of roughly 0.16 L sec-1 
using a Thomas LP-60A air pump (Gardner Denver Industries Pty. Ltd, Wetherill Park, NSW, 
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Australia) and was filtered through a 0.2 µm filter (Merck Millipore, Bayswater, VIC, Australia). 
After 4.5 hrs the air was replaced by oxygen from a cylinder (Oxygen 2.5, Coregas, Yennora, NSW, 
Australia) for the remainder of the incubation period. Throughout the incubation period 5 mL 
aliquots of antifoam 1920 (Dow Corning, Midland, MI, USA) were added when required to reduce 
foam accumulation, which occurred roughly every 30 min after the first 2 h. Excessive foaming was 
an issue in the drum fermenters, so by limiting/lowering the aeration rate, agitation caused by the 
bubbles was diminished reducing the foam accumulation. Throughout the run pH and pO2 levels 
were monitored using a PHM210 Standard pH Meter (Radiometer analytical, Lyon, France) and a 
90-D dissolved oxygen logger (TPS Pty. Ltd., Springwood, QLD, Australia) to ensure conditions 
remained favourable for the growth of H57 (pH 6.5-7, pO2 > 2 ppm). Dissolved oxygen levels were 
adjusted by varying the flow rate of sparged air, whereas there was no need to adjust the pH levels, 
as they did not vary much within the short incubation period. At the completion of Drum 
fermentation, the concentration of H57 was determined by viable colony forming unit (cfu) counts 
as described by Goldman and Green (2009). 
Proceeding the 7 h incubation period of the drum fermentors, the contents were then used to 
inoculate a 100 L fermentation vessel (Electrolux, Göteborg, Sweden; Fig 2.2 B) containing 66 L of 
sporulation media (Tap water adjusted to pH 10.3 with 5 M NaOH). The sporulation media was 
sterilised at a temperature between 125-128°C for 30 minutes, the temperature developed from the 
jacket (Appendix 1, Fig S2.2) through which steam was run, and controlled and monitored by an 
FC-4 fermentation control system (Real Time Engineering, Warriewood, NSW, Australia). Sterile 
air from the 100 L fermentor air feed was used to pressurise the drums and move the 2 x 11 L 
fermentor contents into the 100 L fermentor through sterile 10-12 mm (internal diameter) silicon 
tubing. The fermentor contents were then incubated for 45 h at 30°C, whilst being aerated by a 
paddle and two metal sintered spargers producing c.100 µm bubbles. Air flow and temperature 
control were maintained using an FC-4 fermentation control system (Real Time Engineering, 
Warriewood, NSW, Australia). The air was sterilised by passage through a 0.2 µm air filter (PALL, 
Cheltenham, VIC, Australia). The fermentation vessel maintained an air pressure of 10 kPa to 
ensure a positive air flow, with the outflow air released through tubing that was immersed into a 
bucket of 6% bleach (sodium hypochlorite). Throughout the incubation period, 5 mL aliquots of 
sterile antifoam 1920 (Dow Corning, Midland, MI, USA) were added when needed to prevent foam 
accumulation. The pO2 and pH were monitored throughout the fermentation. Samples of fermentor 
fluid were taken to assess the spore production and total cell count (both spores and vegetative 
cells) using cfu counts (Goldman and Green, 2009). The spore count was determined by heating the 
fermentor fluid to 80°C for 20 min to kill off vegetative cells. 
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Figure 2.2: Sharples centrifuge AS26 (A) and 100 L fermentor (B). 
 
At the completion of the 45 h incubation process the 100 L fermentor contents were 
harvested using a Sharples centrifuge AS26 (Sharples Separator Works, West Chester, PA, USA; 
Fig 2.2 A). Using a Delavan 7801-201 pump (Delavan Pumps Inc., Minneapolis, MN, USA), the 
fermentor contents were pumped into the bottom of the centrifuge at a rate of 4 L min-1 until the 
“bowl” was full. The bowl is the cylinder within the centrifuge that spins at high speeds (~15,000 
rpm) to collect pelleted material. Once full, the flow rate was decreased to between 0.6-0.9 L min-1 
to ensure maximum time in the bowl before flow through. During the harvesting process any 
cellular material accumulated on the sides of the 100 L fermentor was dislodged using a spatula and 
mixed with the product that was to be centrifuged. Once the entire contents of the fermentor were 
centrifuged, the bowl was removed and the pelleted material deposited on the inside of the bowl 
was collected using a specially designed semi-circular spatula with a curvature equal to that of the 
bowl (internal diameter). The pelleted material was weighed and blended (Mixmaster Compact Pro, 
Sunbeam, Botany, NSW, Australia) weight for weight with food grade sodium bentonite (Unimin 
Australia Limited, Miles, QLD, Australia) and water at a ratio of 1:1:3.5 (cell pellet : sodium 
bentonite : water). The resultant product was mixed thoroughly into a paste, frozen overnight at       
-20°C and freeze-dried using a Christ Beta 1-8/LMC-2 freeze dryer (Martin Christ 
 49 
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) until all moisture was removed. 
Freeze-drying was performed at -50°C with a vacuum pressure of 0.012 kpa. At the completion of 
freeze-drying, the product was ground into fine particles using a mortar and pestle. A sample was 
then taken to determine the concentration of spores per gram by cfu count, as described above. The 
inoculum was then stored at room temperature in a moisture free environment for future use. 
 
2.2.2 In vitro fermentor trial 
To assess the potential of H57 spores to germinate in a rumen-like environment, an in vitro rumen 
fluid based feeding trial was conducted. The trial was run using a Labfors 3 fermenter (Infors HT, 
Bottmingen, Switzerland) under anaerobic conditions, which was maintained by sparging with a 
CO2/H2 gas mix (95%/5% respectively). The fermentation trial was started by adding 100 mL of 
starting inoculum into three litres of rumen fluid (RF) medium (Klieve et al., 1989) with the 
addition of 30 g of coarsely macerated (Waring blender; Conair Corporation, New Jersey, USA) 
Mitchell grass and Lucerne (1:1, w/w). The starting inoculum consisted of 50 mL of fresh bovine 
rumen fluid from a pasture fed steer that had been cryopreserved in 50 mL of glycerol/RF media 
(1:1, v/v) and stored frozen at -20°C. The RF medium used was modified from Klieve et al. (1989) 
with the addition of peptone, yeast extract and reduced glucose and cellobiose content. It was 
composed of the solids (w/v) 0.05% peptone, 0.05% yeast extract, 0.5% sodium bicarbonate, 0.05% 
glucose, 0.05% cellobiose, and the liquids (v/v) 0.0001% resazurin, 0.02% cysteine hydrochloride, 
16.5% cell-free bovine ruminal fluid (prepared by centrifuging ruminal fluid at 11,000 rpm for 30 
min to remove cell material), 16.5% salt solution A (Appendix 1, Table S2.2), 16.5% salt solution 
B (Appendix 1, Table S2.3) and 1% VFA solution (Appendix 1, Table S2.4). 
The in vitro fermentor trial was undertaken over ten days with daily “waste” removal and 
feeding to simulate the in vivo feeding situation. Each day 1.5 L of fermentor contents was removed 
and replaced by 1.5 L of fermentor salt solution (0.01% peptone (w/v), 0.01% yeast extract (w/v), 
0.5% sodium bicarbonate (w/v), 0.0001% resazurin (v/v), 0.02% cysteine hydrochloride (w/v), 
16.5% salt solution A (v/v), 16.5% salt solution B (v/v) and 1% VFA solution (v/v)). The fermentor 
salt solution is identical to the RF medium without the addition of glucose, cellobiose, cell free 
bovine ruminal fluid and only 1/5 of the concentration of peptone and yeast extract. Each day the 
fermentor was also fed 15 g of the 1:1 Mitchell grass/Lucerne mix. From day five to day ten a 1 g 
supplement of freeze-dried H57 spores (4.8 x 1010 cfu g-1) were added with the feed. 
Immediately prior to feeding each day, four 1 mL aliquots of fermentor liquor were 
removed, the microbial cells pelleted via centrifugation at 13,200 rpm for 10 min (Eppendorf 
Centrifuge 5415D, Eppendorf, Hamburg, Germany), the supernatant removed and pelleted cells 
frozen at -20°C. Genomic DNA was then extracted using the repeated bead beating plus column 
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(RBB + C) method as described by Yu and Forster (2005). The number of H57 cells was quantified 
in the fermentor liquor using a B. amyloliquefaciens species-specific qPCR assay developed by 
Yong et al. (2013). Reaction volumes of 25 µL containing 1x RealMasterMix Probe (5 PRIME, 
Gaithersburg, MD, USA), 0.9 µM of primers (pgsB726-f and pgsB791-r), 0.05 µM of pgsB-probe 
(Yong et al., 2013) and 5 µL of template DNA were amplified using a Rotor-Gene RG-6000 
(Qiagen, Valencia, CA, USA). Thermo cycling parameters consisted of an initial denaturation at 
95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s and annealing and extension at 
60°C for 34 s (Yong et al., 2013). Each reaction was performed in triplicate and run simultaneously 
with a set of H57 standards. The standard curve was generated with H57 concentrations of 1010-104 
cells mL-1. Standard concentrations were calculated by enumerating an overnight culture of H57 
using a Petroff-Hausser counting chamber (Hausser Scientific, Horsham, PA, USA), as describe 
previously (Ouwerkerk et al., 2002). To account for the presence of any potential inhibitory 
compounds, rumen fluid was used in diluting the overnight culture to the specified concentrations 
(Ouwerkerk et al., 2002). DNA was then extracted from 1 mL aliquots of H57 standards as 
described above. 
To establish a qPCR baseline concentration of the H57 inoculum, 1 g of freeze-dried H57 
spores at 4.8 x 1010 cfu g-1 was added to 100 mL of waste from day four to account for any PCR 
inhibitors within the media. The inoculated waste was then mixed and a 1 mL aliquot was taken for 
DNA extraction and qPCR (as described above). The qPCR count was then adjusted to provide a 
total count of H57 per gram. 
 
2.3 Results 
2.3.1 H57 cultivation 
Table 2.1 shows a representation of the cfu counts taken at the time of harvest of the 20 L drum 
fermentor, 100 L fermentor and after freeze-drying. These counts show the relationship between 
H57 concentrations as it transitions to the final sporulated product. On average, 245 g of freeze-
dried H57 inoculum was produced per fermentation run. As this procedure is designed to induce 
sporulation of H57, the cfu counts of the two final stages (100 L fermentation and freeze-dried 
product) presented in Table 2.1 were of spores. Alternatively, the cfu counts taken from the drum 
fermentor were total cfu counts, as H57 was not expected to form spores at this point (Table 2.1). 
 
 
 
 
 
 51 
Table 2.1: Bacillus amyloliquefaciens H57 total viable cfu counts (average ± standard error of the mean or SEM as a 
percentage of the average value). 
Run Drum final 100L final Freeze-dried product 
3 7.70 x 1012 ± 7.14% 5.24 x 1012 ± 4.20% 1.47 x 1012 ± 0.66% 
6 1.72 x 1013 ± 1.28% 6.69 x 1012 ± 0%a 6.31 x 1012 ± 11.50% 
7 1.49 x 1011 ± 3.70% 1.05 x 1013 ± 0.42% 5.74 x 1012 ± 8.56% 
9 6.22 x 1012 ± 4.42% 1.40 x 1013 ± 0.63% 9.95 x 1012 ± 0.13% 
12 8.21 x 1012 ± 5.80% 1.47 x 1012 ± 1.50% 2.82 x 1012 ± 6.90% 
13 1.27 x 1013 ± 4.60% 5.54 x 1012 ± 3.17% 1.18 x 1013 ± 5.63% 
Average 8.68 x 1012 ± 27% 7.24 x 1012 ± 25% 6.36 x 1012 ± 26% 
a Only one satisfactory plate count 
 
2.3.2 In vitro trial 
Before the addition of H57 to the in vitro fermentor a qPCR baseline concentration of H57 g-1 was 
determined using a sample from day four with freshly added H57 (1 g). The baseline count of H57 
using qPCR was 1.33 x 109 cells g-1 (Fig 2.3). Following the addition of H57 spores into the 
fermentor at 1 g day-1, from day five to nine we measured an average total number of H57 cells at 
8.49 x 108 ± 2.13%, 1.79 x 109 ± 0.94%, 1.79 x 109 ± 2.53%, 2.03 x 109 ± 3.34% and 1.82 x 109 ± 
3.22% (days six to ten respectively; Fig 2.3). The total quantity of H57 at each time point was 
compared to the quantity that was expected if no multiplication occurred, given the concentration of 
H57 added each day to the remaining fermentor contents (Fig 2.3). These differences were analysed 
statistically using a Student’s t-test. The results show that the numbers of H57 did not increase 
comparative to the numbers expected if no multiplication of H57 were to occur. This suggests that 
H57 is not multiplying in rumen conditions and likely remaining as a spore, although there was 
potentially cell death occurring as there was a significant decrease in the H57 population on days 6, 
8 and 10 compared to the expected count (Fig 2.3). 
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Figure 2.3: Enumeration of Bacillus amyloliquefaciens H57 throughout the in vitro fermentor trial by qPCR.  
Day 5 is a control sample of fermentor fluid before the addition of Bacillus amyloliquefaciens H57. ** = P < 0.01 
(between actual counts and expected counts). 
 
2.4 Discussion and conclusions 
Bacterial cells inoculated into a batch culture will go through three distinct growth phases: lag 
phase, exponential growth phase and stationary growth phase (Cohen, 2011). Cells which have 
entered exponential growth phase will remain so until conditions force the transition into stationary 
phase, which is likely due to the depletion of nutrients and the accumulation of waste products 
(Banse et al., 2008). To ensure maximum yield of H57, the above methodology was developed to 
prolong exponential growth by using multiple batch cultures with increasing volumes. Each new 
medium provided excess nutrients that allow continued exponential growth. The effectiveness of 
this approach was evident in the cell count results obtained (Table 2.1), where an average total of 
8.68 x 1012 ± 27% H57 cells were cultivated in each drum at the completion of fermentation. A 
persistent problem with cultivating H57 was the accumulation of foam, which would remove H57 
cells from the medium impacting the cell yield. H57 produces small molecular weight lipopeptides 
such as surfactin that are present in the foam and likely to be the causal agent (Schofield et al., 
2016). This was addressed by reducing the air/O2 flow rate, thus reducing the agitation caused by 
bubble formation. A silicone-based antifoam was also used that spreads across the foam inserting 
into adjoining film surfaces, causing weak spots that become destabilised and break apart (Denkov 
et al., 2014).  
 During the initial isolation of H57, a determining factor for selection was its ability to form 
spores. Spores of H57 provide an ideal morphological state for long-term storage of the inoculum 
so that the cells remain viable when fed to ruminants. The spore state is also essential for H57 
survival during the steaming process involved in making the feed pellet. In order to induce 
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sporulation of cultured H57 cells with minimal cell death, the final drum batch culture was added to 
water (1:3, v/v) at pH 10.3. It was believed that this provided an initial pH shock, which with the 
lack of nutrients induced the cells to sporulate. However, it may well be that the lack of nutrients 
per se was the trigger for sporulation. As shown by the average final cfu count of H57 in the 100 L 
fermentor (7.24 x 1012 ± 25%, Table 2.1), this method proved successful in transforming vegetative 
cells into spores with minimal loss.  We did not expect to see any further multiplication within the 
100 L fermentor as the only nutrients available were those carried over from the drum cultures. 
 For long-term storage, the sporulated cells of H57 were mixed with sodium bentonite as a 
carrier. Sodium bentonite is a food grade clay that was selected due to its material binding 
properties and high moisture absorbance, which would assist in the feed pelleting process (Suzuki et 
al., 2007). In ruminants, sodium bentonite has shown an ability to aid in adapting from a high 
roughage to high concentrate diet (Huntington et al., 1977). All moisture was removed from the 
H57/sodium bentonite mix by freeze-drying to ensure the H57 cells remain as spores. The 
sporulated form was also critical for the freeze drying process, as temperatures reached as low as     
-50°C, although it seemed that the freeze drying process did cause some cell death, as total cfu 
counts after freeze-drying were generally lower than counts after sporulation in the 100 L fermentor 
(Table 2.1). 
 B. amyloliquefaciens species are characterised as aerobic (Priest et al., 1987; Welker and 
Campbell, 1967) and so it is unlikely that they are able to grow in anaerobic environments such as 
the rumen of sheep and cattle. Biochemical tests performed on a number B. amyloliquefaciens 
strains by Welker and Campbell (1967) demonstrated that they could reduce nitrate into nitrite 
(Welker and Campbell, 1967), therefore theoretically enabling anaerobic respiration to occur. In an 
anaerobic environment nitrate can act as the terminal electron acceptor as it is reduced to nitrite. 
The closely related B. subtilis, also classified as an aerobic organism, can undertake anaerobic 
respiration by reducing nitrate into nitrite (Hoffmann et al., 1998). 
 During the in vitro fermentor trial conducted there was no evidence that suggests that H57 
spores were able to germinate and grow in an anaerobic rumen-like in vitro environment, as there 
was no increase in total cell counts compared to what would be expected if H57 remained as a 
spore. This is only one trial and does not take into account the microaerophilic environments that 
may occur during digestion, such as the regurgitation of cud and any air pockets that may appear in 
vivo. 
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2.5 Conclusion 
To conclude, the methodology adopted was an effective means of cultivating B. amyloliquefaciens 
H57 to produce inoculant in sufficient quantities for several tonnes of animal feed at greater than 
109 cfu kg-1 (Le et al., 2016a; Le et al., 2016b). Inoculum prepared in this manner has been stored 
for more than a year without loss of viability (Table S2.5). For commercialisation purposes, this 
methodology can be further scaled-up by using fermentors with greater volume capacities, thus 
increasing the inoculum yield. As an aerobic organism (Priest et al., 1987) it is unlikely that H57 
spores will germinate in the anaerobic rumen. This was supported by an in vitro fermentor trial, 
which showed no indication that the H57 inoculum was able colonise a rumen-like environment, 
leading to questions of how the microbial populations of ruminants are influenced when H57 is 
added. Therefore to better understand the influences of H57 on the rumen microbial population a 
more in-depth analysis of what H57 is capable of is required. By sequencing the H57 genome, a 
greater understanding of its genetic potential could be established, providing insights into the genes 
it is likely to express when added to the rumen environment. 
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3 Near complete genome sequence of the animal feed 
probiotic, Bacillus amyloliquefaciens H57 
This chapter has been published as: Schofield, B. J., Skarshewski, A., Lachner, N., Ouwerkerk, D., 
Klieve, A. V., Dart, P. and Hugenholtz, P. (2016) ‘Near complete genome sequence of the animal 
feed probiotic, Bacillus amyloliquefaciens H57’, Standards in Genomic Sciences, 11(1), pp. 1-7 
(Appendix 2). 
 
The structure of this chapter is as presented in the published paper. 
 
Abstract 
Bacillus amyloliquefaciens H57 is a bacterium isolated from lucerne for its ability to prevent feed 
spoilage. Further interest developed when ruminants fed with H57-inoculated hay showed increased 
weight gain and nitrogen retention relative to controls, suggesting a probiotic effect. The near 
complete genome of H57 is ~3.96 Mb comprising 16 contigs. Within the genome there are 3,836 
protein coding genes, an estimated sixteen rRNA genes and 69 tRNA genes. H57 has the potential 
to synthesise four different lipopeptides and four polyketide compounds, which are known 
antimicrobials. This antimicrobial capacity may facilitate the observed probiotic effect. 
 
3.1 Introduction 
Bacillus amyloliquefaciens species have been taxonomically classified as part of the Bacillus 
subtilis group. Members of this group share substantial morphological similarities and near identical 
(98.1%-99.8%) 16S rRNA gene sequence (Wang et al., 2007). Other members of the Bacillus 
subtilis group include B. subtilis, B. atrophaeus, B. licheniformis, B. sonorensis, B. tequilensis, B. 
vallismortis, and the B. mojavensis subgroup. The production of bioactive metabolites, the ability to 
form spores and a lack of pathogenicity make members of the Bacillus subtilis group ideal 
candidates for use as probiotics. Strains of B. amyloliquefaciens synthesise non-ribosomal bioactive 
lipopeptides such as surfactin, fengycin, bacillomycin D and members of the iturin family (Chen et 
al., 2009; Koumoutsi et al., 2004; Yu et al., 2002). These lipopeptides have demonstrated activity 
as antimicrobials and inhibit a wide range of bacterial and fungal pathogens (Chen et al., 2009; 
Huang et al., 2011). 
The strain B. amyloliquefaciens H57 (H57 hereafter) was first isolated in the search for a 
biological control agent to prevent fungal spoilage of hay (Brown and Dart, 2005). Due to its spore 
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forming ability and production of antimicrobial compounds, H57 was revealed as the best candidate 
of a panel of isolates for commercialisation as a spoilage control agent under the product name 
HayRite™. Importantly, sheep and cattle fed on HayRite™ treated feed showed an increase in 
digestibility and nitrogen retention leading to increased live weight gain (Brown and Dart, 2005). 
This new development into the potential of H57 to act as a probiotic has led to further investigation 
of this strain. 
Here, we present a summary description of the classification and features of H57, along with 
a sequencing description and annotation summary. The availability of a genome sequence for H57 
will facilitate research into the probiotic effects observed in animals treated with this bacterium. 
 
3.2 Organism information 
3.2.1 Classification and features 
A near-complete 16S rRNA gene was identified in the H57 genome, which by BLAST (Altschul et 
al., 1990) is most closely related (99% identical) to other B. amyloliquefaciens strains including 
FZB42 (subsp. plantarum; acc. NR075005.1), HPCAQB14 (acc. KF861603.1) and SB 3200 (acc. 
GU191911.1). Comparison of the average read coverage of the genome and 16S rRNA gene, 
suggests that H57 has 13 copies of the rRNA operon. A concatenated alignment of 99 single copy 
marker genes obtained from publicly available Bacillus genomes using HMMER (Finn et al., 2011) 
confirmed the classification of strain H57 as a member of the species B. amyloliquefaciens (Fig 
3.1). 
 
 
Figure 3.1: Maximum likelihood tree showing the alignment of Bacillus amyloliquefaciens H57 with other Bacillus 
genomes. Alignment was performed using HMMER (Finn et al., 2011) whilst maximum likelihood was inferred using 
FastTree version 2.7.7 (Price et al., 2009). The inferred tree was visualised using ARB version 6.0.2 (Ludwig et al., 
2004). Bar: 0.1 substitutions per nucleotide position. 
 
 
Bacillus megaterium DSM 319 (CP001982.1)
Bacillus subtilis BSn5 (CP002468.1)
Bacillus amyloliquefaciens Campbell F, DSM 7 (FN597644.1)
Bacillus amyloliquefaciens XH7 (NC_017191.1)
Bacillus amyloliquefaciens H57 (LMUC00000000)
Bacillus amyloliquefaciens plantarum YAU B9601−Y2 (NC_017061.1)
Bacillus amyloliquefaciens EGD−AQ14 (NZ_AVQH00000000.1)0.10
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H57 is a Gram-positive rod shaped bacterium averaging 2.5 µm in length and 1 µm in width (Fig 
3.2 D). It is an aerobic spore forming bacterium that is motile with peritrichous flagella. H57 spores 
are centrally located and average 1.25 µm in length (Fig 3.2 B). Optimum growth occurs at a 
temperature of 29°C and pH 7.0 (Table 3.1). The colony morphology of strain H57 is circular 
convex with undulate margins. When grown on a nutrient agar plate, colonies are an off-white 
colour as shown in Fig 3.2 C. 
 
Figure 3.2: Cellular and colony morphology of Bacillus amyloliquefaciens H57. 
A) Vegetative Bacillus amyloliquefaciens H57 cells at 1000x magnification captured with a Nikon DS-Ri1 camera 
attached to a Nikon Eclipse 80i microscope under phase contrast B) Bacillus amyloliquefaciens H57 spores at 1000x 
magnification captured with a Leica DFC 500 camera attached to a Leica DM5500B compound microscope with 
Nomarski differential interference contrast C) Pure culture of Bacillus amyloliquefaciens H57 grown on nutrient agar 
plate D) Electron microscope image of a vegetative Bacillus amyloliquefaciens H57 cell showing numerous peritrichous 
flagella, negatively stained with phosphotungstic acid. 
A B
D
10 mm
C
1 µm
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Table 3.1: Classification and general features of Bacillus amyloliquefaciens strain H57 (Field et al., 2008). 
MIGS ID Property Term Evidence codea 
  Classification Domain Bacteria TAS (Woese et al., 1990) 
  Phylum Firmicutes TAS (Garrity and Holt, 2001a; Gibbons 
and Murray, 1978; Murray, 1984) 
    Class Bacilli TAS (Ludwig et al., 2009; Oren and 
Garrity, 2016) 
  Order Bacillales TAS (Prévot, 1953; Skerman et al., 1980) 
    Family Bacillaceae TAS (Fischer, 1985; Skerman et al., 1980) 
  Genus Bacillus TAS (Cohn, 1872; Gibson and Gordon, 
1974; Skerman et al., 1980) 
    Species Bacillus amyloliquefaciens  TAS (Fukomoto, 1943; Priest et al., 1987; 
Wang et al., 2008) 
  Strain: H57  
  Gram stain Positive IDA 
 Cell shape Rod/chains IDA 
  Motility Motile IDA 
 Sporulation Sporulating IDA 
  Temperature range Mesophilic IDA 
 Optimum temperature 29°C IDA 
  Optimum pH 7 IDA 
 Carbon source Glucose, fructose, mannitol, 
sucrose, trehalose 
IDA 
  Habitat Host (Plant) IDA 
MIGS-6 Salinity Up to 6% (w/v) IDA 
MIGS-6.3 Oxygen requirement Aerobe IDA 
MIGS-22 Biotic relationship Symbiotic (beneficial) TAS (Brown and Dart, 2005) 
MIGS-15 Pathogenicity Non-pathogen NAS 
MIGS-14 Geographic location Gatton, QLD, Australia IDA 
MIGS-4 Sample collection 2001 IDA 
MIGS-5 Latitude 27° 32' 24'' S  IDA 
MIGS-4.1 Longitude 152° 20' 24'' E IDA 
MIGS-4.2 Altitude 89 m  IDA 
a Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-
traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the species, or 
anecdotal evidence). These evidence codes are from the Gene Ontology project (Ashburner et al., 2000). 
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3.3 Genome sequencing information 
3.3.1 Genome project history 
Strain H57 was selected for sequencing due to its ability to act as a probiotic in agricultural animals. 
The draft genome was deposited in GenBank under the accession number LMUC00000000. 
Genome sequencing and assembly was performed at the Australian Centre for Ecogenomics (ACE), 
The University of Queensland. Gene annotation was performed using the AnnotateM script v0.6 
(Haroon). A summary of the project is shown in Table 3.2 using MIGS v2.0 (Field et al., 2008) 
criteria. 
 
Table 3.2: Project information. 
MIGS ID Property Term 
MIGS 31 Finishing quality Draft 
MIGS 28 Libraries used Illumina paired end library (256 bp insert size) 
MIGS 29 Sequencing platforms Illumina MiSeq 
MIGS 31.2 Fold coverage 49X 
MIGS 30 Assemblers Spades 3.0.0. 
MIGS 32 Gene calling method PROKKA 
 Genbank ID LMUC00000000 
 GenBank Date of Release 04/04/2016 
 GOLD ID Ga0082361 
 BIOPROJECT PRJNA300579 
 Project relevance Probiotic, Agriculture 
 
3.3.2 Growth conditions and genomic DNA preparation 
Genomic DNA of H57 was isolated from a freeze-dried product of H57 spores combined with 
sodium bentonite (1:1). DNA was extracted from the H57 spores using the ‘Repeated Bead-beating 
and Column (RBB + C) Extraction’ method described by Yu and Forster (2005). In brief, 0.1 g of 
sporulated product was added to 1 mL of lysis buffer (2.9% NaCl, 0.6% Tris, 0.05M EDTA pH 8.0 
and 4% SDS) in a cryotube containing 0.5 g zirconia beads (BioSpec Products Inc., Bartlesville, 
USA). The sample was then homogenised in a mini bead beater 16 (BioSpec Products Inc., 
Bartlesville, USA) for 2 cycles of 3 min. Between cycles the samples were incubated for 15 min at 
70°C, centrifuged (13,200 rpm for 5 min at 4°C) and supernatant transferred to a fresh tube. 
Following bead beating further extraction was performed on the supernatant using the QIAGEN 
QIAmp DNA Mini Kit as per kit instructions (QIAGEN, Doncaster, VIC). 
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3.3.3 Genome sequencing and assembly 
The genome of H57 was sequenced on an Illumina MiSeq sequencing platform (Illumina, Inc. San 
Diego, CA). DNA libraries were prepared using the Nextera® XT DNA Library Preparation Kit 
(Illumina, San Diego, CA) according to the manufacturer’s instructions. An input of 1 ng was used 
to prepare DNA libraries, which was then cleaned using Agencourt AMPure XP beads (Beckman 
Coulter, Brea, CA, USA). The purified PCR product was then size selected for amplicons with a 
size between 300 bp and 800 bp. Illumina paired-end sequencing was performed, producing a total 
of 1,351,526 reads. Primer and adaptor sequences were removed using Trimmomatic v0.32 (Bolger 
et al., 2014) resulting in an average read length of 256 bp. Reads were assembled using SPAdes 
3.0.0. (Bankevich et al., 2012). The H57 genome was obtained in 16 contigs ranging in size from 
701,147 bp to 10,158 bp with a combined length of 3,958,833 bp. Genome completeness and 
contamination was estimated using CheckM version 1.0.0 (Parks et al., 2015), indicating that the 
genome was near complete (99.51%) with no detectable contamination (0%). 
 
3.3.4 Genome annotation 
Gene annotation was achieved using a combination of protein databases via AnnotateM v0.6 
(Haroon). Open reading frames were initially generated using PROKKA (Seemann, 2014). The 
resulting protein sequence was then searched against the IMG, Uniref, COG, PFAM and TIGRfam 
databases (Finn et al., 2014; Haft et al., 2003; Markowitz et al., 2012; Suzek et al., 2007; Tatusov 
et al., 2003) to identify homologous genes. The software ProteinOrtho (Lechner et al., 2011) was 
used to identify orthologous genes to other known B. amyloliquefaciens strains for further 
comparison. Genes unique to H57 were compared against the KEGG gene database (Gonzalez, 
2002) to identify metabolic functions. 
 
3.4 Genome properties 
The draft genome assembly of H57 consists of sixteen contigs totalling 3,958,833 bp and a G + C 
content of 46.42%, which is likely a slight underestimate of its genome size due to unresolved 
collapsed repeats, primarily rRNA operons (Table 3.3). With a coding region of 3,549,557 bp, this 
assembly represents a total of 3,945 open reading frames (ORFs). Of those genes, 3,836 encode 
proteins and the remainder encode sixteen rRNAs (7 x 5S, 7 x 16S and 2 x 23S), 69 tRNAs and 24 
other RNA genes (Table 3.3). Of the annotated genes, the majority were assigned a putative 
function (80.66%) with 69.81% assigned into Clusters of Orthologous Groups (COG), presented in 
Table 3.4. Of the 3,945 ORFs in the H57 genome, 3,751 were inferred to be orthologous to other B. 
amyloliquefaciens strains, including strains CC178, DSM7, XH7, TF28, Y2, IT-45, LFB112 and 
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subsp. plantarum strains UCMB5113, FZB42, NAU-B3, YAU B9601-Y2, and TrigoCor1448. Of 
the 194 genes unique to H57, several appear to be involved in the degradation of aromatic 
compounds, more specifically the breakdown of 4-hydroxyphenylacetic acid. 
 
Table 3.3: Genome statistics. 
Attribute Value % of Total 
Genome size (bp) 3,958,833 100 
DNA coding (bp) 3,549,557 89.66 
DNA G+C (bp) 1,837,549 46.42 
DNA scaffolds 16 100 
Total genes 3,945 100 
Protein coding genes 3,836 97.87 
RNA genes 109 2.76 
Pseudo genes 0 0 
Genes in internal clusters 387 9.81 
Genes with function prediction 3,182 80.66 
Genes assigned to COGs 2,754 69.81 
Genes with Pfam domains 3,364 85.27 
Genes with signal peptides 191 4.84 
Genes with transmembrane helices 1,046 26.51 
 CRISPR repeats 0 0 
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Table 3.4: Number of genes associated with general COG functional categories. 
Code Value %age Description 
J 136 3.48 Translation, ribosomal structure and biogenesis 
A 0 0 RNA processing and modification 
K 89 2.23 Transcription 
L 95 2.43 Replication, recombination and repair 
B 1 0.03 Chromatin structure and dynamics 
D 22 0.56 Cell cycle control, Cell division, chromosome partitioning 
V 17 0.44 Defence mechanisms 
T 58 1.48 Signal transduction mechanisms 
M 97 2.48 Cell wall/membrane biogenesis 
N 40 1.02 Cell motility 
U 37 0.95 Intracellular trafficking and secretion 
O 64 1.64 Posttranslational modification, protein turnover, chaperones 
C 92 2.35 Energy production and conversion 
G 109 2.79 Carbohydrate transport and metabolism 
E 160 4.09 Amino acid transport and metabolism 
F 62 1.59 Nucleotide transport and metabolism 
H 93 2.38 Coenzyme transport and metabolism 
I 53 1.36 Lipid transport and metabolism 
P 93 2.38 Inorganic ion transport and metabolism 
Q 30 0.77 Secondary metabolites biosynthesis, transport and catabolism 
R 203 5.19 General function prediction only 
S 238 6.09 Function unknown 
- 2,169 55.49 Not in COGs 
The total is based on the total number of protein coding genes in the genome. 
 
3.5 Insights from the genome sequence 
Comparative analysis of the H57 genome indicates that its central metabolism is consistent with 
other strains of B. amyloliquefaciens. The presence of a complete TCA cycle and electron transport 
chain indicates the potential for aerobic respiration. H57 has a narGHJI operon and the 
transcriptional regulator fnr, suggesting that it is also capable of growing anaerobically using nitrate 
as an electron acceptor (Nakano and Zuber, 1998). This capability would be required for H57 to 
grow in anoxic environments. 
The genome of H57 also encodes a number of enzymes involved in carbohydrate 
metabolism. A search against the carbohydrate-active enzyme (CAZY) database (Lombard et al., 
2014) reveals that H57 is dominant in glycoside hydrolase (GH) families 1, 43 and 13 (Table 3.5). 
The GH 1 and GH 43 families comprise enzymes that degrade the various sugar monomers of 
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hemicellulose. This suggests that H57 may contribute to breaking down the less fibrous components 
of the plant cell wall. The abundance of GH13 enzymes, which are a family of α-amylases, suggests 
that H57 also contributes to the breakdown of starch. The presence of these carbohydrate-activated 
enzymes alludes to the notion that H57 may assist in the digestion of animal feeds by breaking 
down certain polysaccharides of the plant cell wall. 
Consistent with observed anti-fungal activity, the H57 genome encodes a broad range of 
antimicrobial compounds. These include genes for non-ribosomal synthesis of antimicrobial 
lipopeptides such as surfactin (srfABCD), iturin (ituABCD), bacillomycin D (bmyABC) and 
fengycin (fenABCDE). Surfactin is capable of inhibiting a wide range of microorganisms due to its 
ability to insert itself into the cell wall creating ion pores (Peypoux et al., 1999). Bacillomycin D, 
iturin and fengycin all have demonstrated antifungal properties primarily based on their ability to 
disrupt the fungal cell wall (Deleu et al., 2008; Maget-Dana and Peypoux, 1994; Nasir and Besson, 
2012). The genes for the expression of antibiotic polyketides are also present on the H57 genome. 
These include the operons mlnABCDEFGHI, dfnABCDEFGHIJ and baeEDLMNJRS, which encode 
macrolactin, difficidin and bacillaene respectively. These compounds inhibit a wide range of 
microorganisms acting chiefly on preventing protein synthesis (Patel et al., 1995; Romero-Tabarez 
et al., 2006; Zweerink and Edison, 1987). 
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Table 3.5: Carbohydrate activated enzyme profile of glycoside hydrolases in H57. 
Family Known activity  %a 
GH16 Xyloglucan, keratan-sulfate, endo-1,4-β-galactosidase, endo-1,3- β-glucanase, 
and others 
2.5 
GH4 Maltose-6-phosphate glucosidase, α-glucosidase, α-galactosidase, and others 7.5 
GH5 Chitosanase, β-mannosidase, cellulase, glucan 1,3-β-glucosidase, and others 2.5 
GH13 α-amylase, pullulanase, cyclomaltodextrin glucanotransferase and others 10 
GH11 Xylanase 2.5 
GH23 Lysozyme type G and peptidoglycan lyase 2.5 
GH3 β-glucosidase, xylan 1,4-β-xylosidase, β-N-acetylhexosaminidase, and others 2.5 
GH126 Other 2.5 
GH18 Chitinase,  endo-β-N-acetylglucosaminidase, and others 7.5 
GH26 β-mannanase and β-1,3-xylanase 2.5 
GH53 Endo-β-1,4-galactanase 2.5 
GH51 α-L-arabinofuranosidase and endoglucanase 5 
GH1 β-glucosidase, β-galactosidase, β-mannosidase, and others 12.5 
GH73 Peptidoglycan hydrolase with endo-β-N-acetylglucosaminidase specificity 5 
GH30 Glucosylceramidase, β-1,6-glucanase, β-xylosidase 5 
GH32 Endo-inulinase, endo-levanase, exo-inulinase, and others 7.5 
GH46 Chitosanase 2.5 
GH109 α-N-acetylgalactosaminidase 5 
GH43 Arabinases and xylosidases 10 
GH68 Levansucrase, β-fructofuranosidase and inulosucrase 2.5 
  Total GH hits: 40 
 Total ORFs: 3,828 
  % GH ORFs: 1.04 
a Percentage of total GH hits 
 
3.6 Conclusions  
The ~3.96 Mbp genome of B. amyloliquefaciens H57 reveals the basis of its antimicrobial nature 
and potential to survive and reproduce in anoxic animal gastrointestinal tracts. In common with 
other B. amyloliquefaciens strains, H57 encodes a wide range of antimicrobial compounds that 
explain its effectiveness as a biocontrol agent for fungi and other feed spoilage organisms. The 
production of these compounds may also contribute to the observed probiotic effect by inhibiting 
potentially pathogenic organisms creating a healthier microbial ecosystem. 
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4 Changes in rumen bacterial diversity as a result of 
feeding the probiotic Bacillus amyloliquefaciens H57  
4.1 Introduction 
In the 1950’s the use of antibiotics in agriculture increased as farmers discovered that antibiotics 
such as avoparcin, streptomycin, penicillin and tetracycline, could be used as growth promoters 
when administered to feed in sub therapeutic quantities (Marshall and Levy, 2011; Stokstad and 
Jukes, 1950). However, the increased use of the antibiotic avoparcin as a feed additive resulted in 
the emergence of avoparcin and vancomycin resistant enterococci (Aarestrup, 1995), leading to a 
ban on such a use of avoparcin in Denmark. This reduced instances of antibiotic resistance and led 
to the ban within the European union on the use of any antibiotic important in human medicine, as a 
growth promotor (Wielinga et al., 2014). This increased the interest in the value of probiotics to 
replace them as growth promoters. In ruminants the probiotics have increased milk yields and meat 
production. Milk yield increased for dairy cows fed a probiotic combination of Lactobacillus 
acidophilus NP51 and Propionibacterium freudenreichii NP24 (Boyd et al., 2011). It was suggested 
that the lactate produced by L. acidophilus NP51 was used by P. freudenreichii NP24 in the 
production of propionate, resulting in higher milk yields (Boyd et al., 2011; Moran, 2005). In the 
rumen, propionate is used as a precursor for hepatic glucose production (Francisco et al., 2002). 
The breakdown of glucose via glycolysis leads not only to increased milk production, but also to 
cellular growth and development. When Holstein bull calves were fed Propionibacterium jensenii 
702 their weight gain increased, thought to result from increased propionate production (Adams et 
al., 2008). Though probiotics are defined as “live microorganisms that, when administered in 
adequate amounts, confer a health benefit on the host” (Hill et al., 2014), organisms noted as 
probiotics do not always benefit the health of the host. The addition of the “probiotic” 
Saccharomyces cerevisiae to the finishing diet of South African Mutton Merino lambs, showed no 
positive effect in nutrient digestibility and metabolisable energy as opposed to the control animals 
(Pienaar et al., 2015).  
 Bacillus species strains are popular as probiotics due to their ability to form spores and 
produce antimicrobial compounds. The Bacillus spore is important for shelf life and protection from 
hostile environmental conditions such as heat, UV radiation, desiccation and low pH such as in the 
gastric stomach (Riesenman and Nicholson, 2000). Bacillus species also produce antimicrobial 
compounds that have a broad spectrum of inhibition towards pathogens. The lipopeptides such as 
surfactin, fengycin and bacillomycin D, which are non-ribosomally synthesised, have shown strong 
antifungal, bacterial and viral properties (Huang et al., 2011; Koumoutsi et al., 2004; Liu et al., 
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2011). The probiotic B. amyloliquefaciens strain H57 was selected as an inoculant for prevention of 
mould development on hay (Brown and Dart, 2005). The freeze-dried powdered product contains a 
large spore population and has a long shelf life at room temperature. Ewes fed grass-clover hay 
inoculated with HayRite™, a composite probiotic inoculum comprised of B. amyloliquefaciens 
strains H57 and H60, ate more hay, digested it better, had more weight gain and retained more 
nitrogen, than ewes fed uninoculated hay (Brown and Dart, 2005).  
Le et al. (2016b), showed that pregnant Dorper ewes fed a poor quality concentrate diet 
supplemented with H57 at 109 cfu kg-1 pellets, had a significant increased weight gain (P = 0.008) 
coupled with an increase in uptake of dry matter (P = 0.03) and increased nitrogen retention (P = 
0.01) compared to the control animals given pellets without H57. The beneficial effect of H57 was 
also demonstrated in dairy calves (Le et al., 2016a) fed sorghum based concentrate pellets with and 
without H57 as they weaned. Not only was there a 39% increase in live weight gain, a 16.2% 
increase in feed conversion efficiency and a reduction in weaning age by nine days, but the H57 fed 
calves also had a reduction in the occurrence and duration of diarrhoea. This suggests that the 
probiotic effect of H57 is not only to increase meat production but also to improve animal health. 
This study, investigates the impact of H57 on the rumen bacterial and archaeal community 
to obtain a greater understanding of the probiotic effect of H57. Though the rumen has substantial 
fungi and protozoan populations, they are far fewer than the prokaryotic community. Rumen fungi 
have been found in the rumen at concentrations of 1.6 to 8.8 x 105 cfu mL-1 (de Almeida et al., 
2012), with rumen protozoa at a similar concentration of 8.1 x 104 to 4.8 x 105 cells mL-1 (Gürelli et 
al., 2016). As rumen bacteria are far more numerous, with concentrations of 1 x 1011 cells g-1 
(Hungate, 1966; Rira et al., 2016), they are more likely to have the greatest impact on digestion. It 
is for this reason that the bacterial and archaeal communities were chosen for analysis. It is 
hypothesised that the addition of H57 alters the rumen prokaryotic community, leading to the 
modification of rumen metabolic processes and beneficial changes in feed utilisation.  
  
4.2 Materials and methods 
4.2.1 Feeding trials 
Samples were collected from the ewes and dairy calves involved in the H57 feeding trials reported 
by Le et al. (2016b) and Le et al. (2016a). The use of these animals and experimental procedures 
were approved by the Animal Ethics Committee of the University of Queensland under the approval 
numbers of SVS/022/13/ARC and SVS/280/14/ARC for the sheep and calves respectively.  
In the sheep trial, 24 first parity white Dorper ewes (liveweight: 47.3 ± 6.9 kg and age: 15 ± 
4.6 months) were randomly divided into two treatment groups (control and H57). All ewes were fed 
a palm kernel meal (PKM) and sorghum based pellet diet, as detailed by Le et al. (2016b). From 
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week eight of the trial, the pellets fed to the H57 group contained H57 spores at 2.85 x 109 cfu kg-1. 
Rumen fluid samples were collected at week eight (day -58 before parturition) just prior to starting 
to feed H57 inoculated pellets, and at week 13 (day -21 before parturition) five weeks later. 
The calf trial involved 24 (12 heifers and 12 bulls) Holstein-Friesian calves (liveweight: 
51.4 ± 5.7 kg; age: 28 ± 3 days). The calves were randomly divided into two treatment groups 
(control and H57). From 24 h after birth until four weeks of age the calves were separated from 
their dams and fed whole milk by a robotic milk feeder (maximum five feeding times/day and 
maximum 2 L each feed) and ad libitum sorghum-based, starter concentrate pellets that were 
antibiotic free (Le et al., 2016a). From 4 to 12 weeks of age the calves were fed 6 L of whole milk 
per day and ad libitum starter pellets. The H57 group were fed pellets of the same ingredient 
composition as starter pellets but containing H57 spores at 3.2 x 108 cfu kg-1. When the calves 
reached a liveweight of 70 kg and a pellet intake of 700 g/d for three consecutive days, they were 
individually weaned onto a 100% pellet diet, as detailed by Le et al. (2016a). Rumen fluid was 
collected at week four, prior to feeding H57-starter pellets and week 12 after eight weeks of feeding 
H57-starter pellets and prior to weaning. 
 
4.2.2 Sample collection and DNA extraction 
Rumen fluid samples from both sheep and dairy calves were collected using a custom made 
stomach tube. The stomach tube consisted of a 1.5 m Powaflex TPR hose with an internal diameter 
of 8 mm (Advanced Industrial Products, Darra, QLD, Australia) and custom-made brass filter with 
1 mm pore diameter holes. Rumen fluid contents were withdrawn into a 60 mL catheter tip syringe 
(Terumo, Somerset, NJ, USA) attached to the stomach fluid collection tube and placed into sterile 
250 mL containers (Thermo Fisher Scientific, Waltham, MA, USA). After collection the rumen 
fluid was divided into 1 mL aliquots in sterile 1.5 mL microcentrifuge tubes (Eppendorf, Hamburg, 
Germany). The 1 mL aliquots were then immediately flash frozen in liquid nitrogen and stored on 
dry ice for transportation back to the laboratory. Final storage of rumen fluid samples was at -80°C. 
Genomic DNA was extracted from both sheep and calf rumen fluid samples via the RBB + C 
method (Yu and Forster, 2005) as described in Chapter 3, section 3.3.2. The concentration and 
purity of DNA samples were then determined using the Qubit® dsDNA BR Assay Kit with the 
Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). DNA was diluted to 5 ng/µl for 
sequencing. 
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4.2.3 Amplicon library preparation and sequencing 
The extracted DNA was used as template to prepare 16S rRNA gene fragments for sequencing 
using the 16S Metagenomic Sequencing Library Preparation methodology, as recommended by 
Illumina (San Diego, CA, USA). Rumen bacteria and archaea were sequenced using universal 
primers that target the V6-V8 region of the 16S rRNA gene (itag926F and itag1392wR, see Table 
4.1). 
The 25 µL PCR reaction comprised 12.5 ng of template DNA, 0.2 µM of each primer and 1x 
KAPA HiFi HotStart ReadyMix (Kapa Biosystems Inc., Wilmington, MA, USA). PCR 
amplification involved an initial denaturation at 95°C for 3 min, followed by 25 cycles comprised 
of denaturation at 95°C for 30 s, annealing at 55°C for 30 s and elongation at 72°C for 30 s with a 
final extension step at 72°C for 5 min. The resulting PCR product was purified to remove any free 
primers or primer dimers using Agencourt AMPure XP beads (Beckman Coulter Australia Pty Ltd, 
Lane Cove, NSW, Australia), according to the manufacturer’s instructions. 
Dual indicies and Illumina sequencing adapters (Illumina, 2013) were added to the 
amplified product with an additional PCR step. The 50 µL PCR reaction consisted of 5 µL of 
template DNA, 5 µL of each index primer and 25 µL of 2x KAPA HiFi HotStart ReadyMix. 
Amplification was achieved through an initial denaturation step of 95°C for 3 min, followed by 
eight cycles comprising of denaturation at 95°C for 30 s, annealing at 55°C for 30 s and elongation 
at 72°C for 30 s with a final elongation step of 72°C for 5 min. The resultant PCR product was 
purified using Agencourt AMPure XP beads according to the manufacturer’s instructions. The final 
indexed PCR product was then sequenced using the MiSeq sequencing platform (Illumina, San 
Diego, CA, USA).  
 
Table 4.1: PCR primers and probe. 
Primer Sequence (5’-3’) 
Target 
gene 
Annealing 
temperature 
References 
itag926F AAACTYAAAKGAATTGRCGG 16S rRNA 50.0 (Engelbrektson et al., 2010) 
itag1392wR ACGGGCGGTGWGTRC 16S rRNA 57.1 (Engelbrektson et al., 2010) 
pgsB726-f TGGCGCCATGAGAATCCT pgsB 58.7 (Yong et al., 2013) 
pgsB791-r GCAAAGCCGTTTACGAAATGA pgsB 58.9 (Yong et al., 2013) 
pgsB-probe 
aFAM-CCGCTGCTCAGCACGAAGGAGC-
TAMRAb 
pgsB 69.3 (Yong et al., 2013) 
a FAM (6-carboxy-fluorescein). 
b TAMRA (6-carboxy-tetramethylrhodamine). 
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4.2.4 Bioinformatic analysis 
Sequencing reads in the form of fastq files were first trimmed to remove primer sequence and poor 
quality sequences using Trimmomatic (Bolger et al., 2014). The trimmed files were converted to 
fasta files and processed using the pick_open_reference_otus.py script in the QIIME pipeline 
(Caporaso et al., 2010). Sequences were clustered and OTUs were assigned using a 99% similarity 
parameter to cluster OTUs at the species level (Bosshard et al., 2003).Those sequences with less 
than 0.05% abundance were removed and remaining sequences were placed into an OTU table. For 
taxonomic classification, representative OTU sequences were aligned against sequences in the 
Greengenes database v2013/05 (DeSantis et al., 2006) using BLAST (Altschul et al., 1990). 
Variations in relative abundance caused by differences in 16S rRNA gene copy number were 
adjusted using CopyRighter v0.46 (Angly et al., 2014). Differences in rumen microbial 
communities between the control and H57 fed animals were identified using principle component 
analysis (PCA) on a Hellinger transformed OTU table (Rao, 1995). Using a Hellinger adjusted OTU 
table reduces skewing caused by highly abundant OTUs (Legendre and Gallagher, 2001; Rao, 
1995). All analyses were performed using R v3.1.2 (R Core Team, 2013) with the vegan package 
(Dixon, 2003). Significant differences in OTU relative abundance were assessed using a Student’s t 
test (Tarasińska, 2005). To determine the alpha diversity in species richness and biodiversity, the 
QIIME alpha_diversity.py script was used with parameters to determine number of observed OTUs, 
Chao1 index, phylogenetic diversity and the Shannon–Wiener index. 
 
4.2.5 Quantitative PCR 
The quantification of H57 in rumen fluid samples was performed using a real-time PCR protocol 
developed by Yong et al. (2013). The protocol is specific to B. amyloliquefaciens using primes and 
probe targeting a specific region of the pgsB gene (Table 4.1). Real-time qPCR amplification and 
detection was performed on a Rotor-Gene RG-6000 (Qiagen, Valencia, CA, USA). Reaction 
volumes of 25 µL were compiled using the RealMasterMix Probe 1x (5 PRIME, Gaithersburg, MD, 
USA) with primer and probe concentrations of 0.9 µM and 0.05 µM, respectively. Reactions were 
performed in triplicate with 5 µL of template DNA. Amplification was performed with cycling 
parameters that consisted of an initial denaturation at 95°C for 30 s, followed by 40 cycles of 
denaturation at 95°C for 5 s and annealing and extension at 60°C for 34 s (Yong et al., 2013). 
 Aliquots of H57 at concentrations from 1010 to 104 cells mL-1 were used to generate a 
standard curve. Using a Petroff-Hausser Counting Chamber (Hausser Scientific, Horsham, PA, 
USA), an overnight culture of H57 was enumerated, as described previously (Ouwerkerk et al., 
2002). The culture was then diluted to specified concentrations in rumen fluid to account for the 
presence of any potential inhibitory compounds (Ouwerkerk et al., 2002). DNA was then extracted 
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from each standard using the RBB + C method (Yu and Forster, 2005). A standard curve of H57 
standards was generated by plotting the cycle threshold values against the Log10 cell numbers as 
determined microscopically.  
 The number of H57 cells mL-1 for each sample was then calculated based on regression 
analysis of cycle thresholds with standard curve (R2 = > 0.995).  
 
4.3 Results 
4.3.1 16S rRNA gene amplicon profile 
Sequencing of the 16S rRNA gene PCR amplicon of the sheep rumen fluid resulted in an average of 
38,402 ± 3,727 reads (average ± SEM). After quality filtering 29,555 ± 2,885 sequences remained. 
In the calf rumen fluid samples an average of 93,224 ± 2,619 reads were sequenced with 62,465 ± 
1,857 remaining after quality filtering. Alpha diversity analysis showed no significant differences in 
species richness (observed OTUs and Chao1) and biodiversity (Shannon–Wiener and Phylogenetic 
distance) between the control sheep and those fed H57 at either time point (Table 4.2). A similar 
result was found in the calf samples with the exception of the week 12 samples where a significant 
difference was found in the observed OTUs and phylogenetic distance between the control and H57 
fed calves. This suggests that in the rumen of H57 fed calves, there is greater diversity in the 
bacterial species present and that these bacterial species are less phylogenetically related than those 
found in the rumen of control calves.  
 
Table 4.2: Differences in rumen bacterial taxonomic diversity between the control and H57-fed sheep. Diversity was 
estimated by Chao1, Phylogenetic distance, Observed OTUs and Shannon–Wiener index in sheep at week 8 and 13 
(mean ± SEM). 
Parameter Wk 8 Control Wk 8 H57 Wk 13 Control Wk 13 H57 
Observed OTUs 628 ± 58 804 ± 119 720 ± 60 815 ± 43 
Chao1 919 ± 79 1,151 ± 134 946 ± 79 1,124 ± 53 
Phylogenetic distance 39 ± 2 46 ± 4 39 ± 2 43 ± 2 
Shannon–Wiener index 4.64 ± 0.1 4.45 ± 0.15 4.82 ± 0.23 5.03 ± 0.12 
* Significantly different to the 95th percentile between control and H57 fed animals at a given time point. 
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Table 4.3: Differences in rumen bacterial taxonomic diversity between the control and H57-fed calves. Diversity was 
estimated by Chao1, Phylogenetic distance, Observed OTUs and Shannon–Wiener index in calves at week 4 and 12 
(mean ± SEM). 
Parameter Wk 4 Control Wk 4 H57 Wk 12 Control Wk 12 H57 
Observed OTUs 3,332 ± 378 3,415 ± 292 3,371 ± 249* 2,742 ± 106* 
Chao1 4,965 ± 325 5,444 ± 413 5,626 ± 369 4,972 ± 181 
Phylogenetic distance 154 ± 16 158 ± 12 159 ± 9* 136 ± 4* 
Shannon–Wiener index 7.19 ± 0.28 6.98 ± 0.15 6.70 ± 0.15 6.39 ± 0.12 
* Significantly different to the 95th percentile between control and H57 fed animals at a given time point. 
 
The sheep rumen fluid 16S rRNA gene amplicon sequencing data revealed the occurrence of 
dominant OTU’s that differ between ewes fed H57 and those that were not. The relative abundance 
of these dominant OTU’s within the rumen is represented in Fig 4.1. Rumen fluid samples of ewes 
not fed H57 (control wk 8 and wk 13, H57 wk 8) were dominated by two Prevotella populations 
(OTUs 814711 and 647403) as well as a Succinivibrionaceae (OTU 9357).  By contrast, a different 
Prevotella (OTU 216587) was dominant in the H57-fed sheep (H57 wk 13) as well as a Roseburia 
(OTU 4463709) population (Fig 4.1). To support the species level classification of dominant OTUs, 
the sequences were aligned against the Greengenes database v2013_08 (DeSantis et al., 2006) using 
BLAST (Altschul et al., 1990). Prevotella (OTU 647403) showed all sequence alignments with 
100% similarity over the partial 16S rRNA gene belonging to P. ruminicola, suggesting that this 
species is the most likely representative of OTU 647403. A BLAST search of Prevotella OTU 
216587 showed 100% identity with the 16S rRNA gene of both Prevotella sp. DJF_CP65 and 
Homeothermaceae, although all alignments with 98-99% similarity also belong to Prevotella sp. 
DJF_CP65, suggesting that this is the species designation of Prevotella OTU 216587. The search 
results of Roseburia OTU 4463709 suggest that it is most likely a Roseburia faecis species with 
100% similarity over the 16S rRNA gene. Though less abundant, there were a number of other 
OTUs that were significantly different in abundance between the ewes of each treatment group (Fig 
4.1). This included a Methanobrevibacter (OTU 103975), which was more abundant in the control 
sheep compared to the H57 fed sheep with abundances of 8.1% ± 2.34% and 2.29% ± 0.62% 
(average ± SEM) respectively. 
No Bacillus OTUs were observed within the community profiles of H57 fed sheep, 
suggesting that H57 was either not present or at such low concentrations that it does not reach the 
detection threshold of this assay. An analysis of the complete OTU table before the removal of low 
abundant OTUs, revealed only three reads to classify as Bacillus (OTU 4385535), two from the 
H57-fed ewe 391 and one read sequenced from the H57-fed ewe 611. A BLAST search of the 
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reference sequence for OTU 4385535 against the 16S rRNA gene of the H57 genome (Chapter 3), 
showed 100% identity over the 250 bp sequence, suggesting that this OTU is a true representation 
of H57 within the rumen samples. Though only a limited number of Bacillus OTUs were identified, 
rarefaction analysis indicated that the sequencing depth was sufficient to account for the majority of 
OTUs within the rumen fluid samples of each ewe (Appendix 3, Fig S4.1). 
A PCA of OTU relative abundance in the sheep at week 13 showed distinct clustering of the 
two different treatment groups (Fig 4.2). The first principle component (PC1) represents 41.2% of 
variance while the second principle component (PC2) represents 10.4% of variance. Fig 4.2 shows 
that the OTU driving variation of the H57 group was Prevotella (OTU 216587), while in the control 
ewes the variation was driven by Succinivibrionaceae (OTU 355248), Prevotella (OTU 814711) 
and Prevotella (OTU 647403) supporting the results presented in Fig 4.1. A permutation test of 
multivariate homogeneity between treatment groups shows that their OTU populations are 
significantly different (P = 0.001) over 999 permutations. 
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Figure 4.1: Heat map showing the relative abundance of OTUs present in sheep rumen fluid with a threshold of greater 
than 0.5% abundance. Each column represents an individual ewe at a certain time point, either at week 8 (prior to the 
addition of Bacillus amyloliquefaciens H57 to the diet) or week 13 (after five weeks of Bacillus amyloliquefaciens H57 
in the diet). Each row represents a different OTU named to the lowest phylogenetic level possible, with OTU number in 
brackets. * = P < 0.05; ** = P < 0.01 indicates the significance of differences between treatment groups at the week 13 
time point. 
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Figure 4.2: Principal component analysis plot representing variance of OTUs in sheep at week 13. Individual ewes 
represented by diamond symbol (u = Control sheep; u = Bacillus amyloliquefaciens H57 fed sheep). OTUs are 
designated by * and those that drive the variance are labelled. Principal components 1 and 2 represent 41.2% and 10.4% 
of the variance, respectively. P = 0.001. 
 
For a comparison of bacterial diversity between the communities of each treatment group, 
the sequencing data was viewed at different phylogenetic levels ranging from phylum to genus (Fig 
4.3). Fig 4.3 A shows that at the phylum level, there are substantial differences between treatment 
groups, with an increased abundance of Firmicutes in the H57-fed sheep (33 ± 3%; average relative 
abundance ± SEM) as opposed to the control sheep (17 ± 4%). The reduction in Firmicutes in the 
control sheep was the result of an increase in Proteobacteria with relative abundance of 19 ± 4% 
(Fig 4.3 A). In both treatment groups the bacterial community was dominated by Bacteroidetes (55 
± 5% for the control and 60 ± 3% for the H57 fed sheep), primarily represented by the 
Prevotellaceae family with relative abundances of 52 ± 5% and 53 ± 3% for the control and H57-
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fed sheep respectively (Fig 4.3 B). Viewing the Firmicutes phylum at the family level, 
Veillonellaceae were dominant in the control sheep with relative abundance of 10 ± 4%, as opposed 
to the H57-fed sheep where Lachnospiraceae (27 ± 3%) were the dominant family (Fig 4.3 B). The 
abundant families within the respective treatment groups are generally dominated by individual 
genera. Of the Prevotellaceae family, members of the Prevotella genus are most dominant in each 
treatment group, in fact Prevotella is the most dominant genus overall with a relative abundance of 
51 ± 5% in the control sheep and 48 ± 3% for the H57 fed sheep (Fig 4.3 C). At the genus level, the 
greatest differences between treatment groups comes from the increased Roseburia populations in 
the H57 fed sheep as opposed to increased Succinivibrionaceae in the control sheep. Fig 4.3 shows 
that these dominant genera are so diverse in their taxonomy that they belong to different phyla, 
suggesting that they likely maintain different roles within the rumen microbial community. 
 
 
Figure 4.3: Average relative abundance of phyla, family and genera in sheep rumen fluid at week 13, identified by 16S 
rRNA gene sequencing. Genus legend only shows genera with greater than 1% relative abundance. 
 
 In the calves there was no significant difference in rumen bacterial communities between the 
control animals and those fed H57 at either time point (Fig 4.4). However, there was a periodic 
change in bacterial populations between the rumen fluid samples at week four to those sampled at 
week 12. At week four the dominant OTUs were Prevotella (OTU 572743) and 
Phascollarctobacterium (OTU 22697), while at week 12 Succinivibrionaceae (OTU 805647) and 
Prevotella (OTU 216587) were the most dominant OTUs (Fig 4.4). No Bacillus OTUs were 
observed in the community profiles of calves fed H57 inoculated pellets for eight weeks (week 12), 
even with the analysis of the complete OTU table before the removal of low abundant OTUs. Like 
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the sheep, rarefaction analysis indicated that the sequencing depth was sufficient to capture the 
majority of OTUs within the calf rumen fluid samples, irrespective of the fact that no Bacillus 
sequences were identified (Appendix 3, Fig S4.2). 
 
 
Figure 4.4: Heat map showing the relative abundance of OTUs present in calf rumen fluid. Each column represents an 
individual calf at a given time point. Each row represents a different OTU named to the lowest phylogenetic level 
possible, with OTU number in brackets. OTUs were selected at a threshold of greater than 0.6% relative abundance to 
remove low abundant OTUs. Wk 4: prior to the addition of Bacillus amyloliquefaciens H57 to the diet; Wk 12: After 
the Bacillus amyloliquefaciens H57 treated calves were fed Bacillus amyloliquefaciens H57 for eight weeks. . * = P < 
0.05; ** = P < 0.01 (Between week 4 and 12 time points). 
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When the data was viewed at the Phylum level, the calves at week four were dominated by 
Bacteriodetes (46 ± 3%) and Firmicutes (42 ± 3%), while at week 12, Bacteriodetes remained most 
abundant at 42 ± 2%, but the number of Firmicutes decreased in abundance to 26 ± 2% and 
Proteobacteria increased to 25 ± 2% (Fig 5 A). At each time point the Bacteriodetes phyla was 
primarily composed of members of the Prevotellaceae family (Fig 5 B), with 38 ± 2% relative 
abundance across both time points. At week four the Firmicutes phyla consisted primarily of the 
Veillonellaceae family (31 ± 3% relative abundance), while at week 12 members of the 
Lachnospiraceae family increased in abundance to 12 ± 2% with Veillonellaceae decreasing to 11 ± 
1% relative abundance (Fig 4.5 B). The dominant family within the Proteobacteria phylum was 
Succinivibrionaceae, which increased from 7 ± 2% relative abundance at week four to 24 ± 2% 
abundance at week 12 (Fig 4.5 B). 
Fig 4.5 C shows that at both time points the most abundant genus within the calf rumen 
fluid was Prevotella with relative abundances of 34 ± 2% and 38 ± 1% at weeks four and 12 
respectively. The next most abundant genus at week four was Megasphaera with an average 
relative abundance of 9 ± 1%, while at week 12 a Succinivibrionaceae OTU was the second most 
abundant (24 ± 2%; Fig 4.5 C). Fig 4.5 shows that as the calves wean off milk onto a solid diet the 
changes in bacterial community show diversity ranging from genus up to phylum level. This 
suggests that those differentially abundant organisms likely perform a substantially different 
function at week 12. 
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Figure 4.5: Average relative abundance of genera, families and phyla in calf rumen fluid, identified by 16S rRNA gene 
sequencing. Wk 4: prior to the addition of Bacillus amyloliquefaciens H57 to the diet, calves primarily fed milk; Wk 12: 
Calves completely weaned, fed started pellet diet and the treated calves had been fed Bacillus amyloliquefaciens H57 
for eight weeks. Genus legend shows genera with a relative abundance of greater than 1%. 
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4.3.2 Quantitative PCR of B. amyloliquefaciens H57 in rumen fluid samples 
H57 was quantified in the rumen fluid of both sheep and calves using a B. amyloliquefaciens 
specific qPCR assay (Yong et al., 2013). Due to intrinsic limitations of the assay it was only 
possible to accurately quantify populations greater than 1 x 104 cells mL-1. Counts below this 
threshold are unable to be confidently differentiated from non-specific PCR products (Yong et al., 
2013; Mojà, 2014). A specificity qPCR assay was performed on a panel of common rumen 
microorganisms and whole untreated sheep and steer rumen fluid contents. The results confirm that 
the primers are specific to B. amyloliquefaciens and not to any of the samples of the specificity 
panel (Appendix 3, Fig S4.3) 
 The populations of H57 present in sheep rumen fluid averaged at 2.65 x 104 ± 1.72 x 103 
cells mL-1 (average ± SEM) in H57 fed animals, whilst H57 was not detected (above the threshold 
of 1.0 x 104 cells mL-1) in any of the control animals (Fig 4.6). 
 
 
Figure 4.6: Enumeration of Bacillus amyloliquefaciens H57 populations in sheep rumen fluid by qPCR in control and 
Bacillus amyloliquefaciens H57 fed sheep at week 13. Assays were run in triplicate and error bars show the SEM. 
 
 Detection of H57 by qPCR in rumen fluid from calves at week 12 of the feeding trial 
showed that the H57 fed calves possessed similar populations of H57 to the H57 fed sheep. The 
H57 numbers in the H57 fed calves averaged 3.59 x 104 ± 2.06 x 103 cells mL-1 with the exception 
of calf 1468 as a statistical outlier (Fig 4.7). No H57 was detected above the detection threshold in 
the control calves at week 12. 
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Figure 4.7: Enumeration of Bacillus amyloliquefaciens H57 populations in calf rumen fluid by qPCR in control and 
Bacillus amyloliquefaciens H57 fed calves at week 12. Assays were run in triplicate and error bars show the SEM. 
 
4.4 Discussion 
Probiotics can be beneficial to ruminants such as sheep and cattle. In some instances they have 
demonstrated an ability to reduce diarrhoea in young calves (Krehbiel et al., 2003) improve milk 
production in lactating sheep and cows (Kritas et al., 2006; Weiss et al., 2008) and improve weight 
gain in dairy calves (Le et al., 2016a) and pregnant ewes (Le et al., 2016b). But little is known 
about the impact they have on these animals including their effect on rumen bacterial communities.  
In this study it was found that before feeding ewes the probiotic H57, the rumen fluid 
microbiomes of the 24 animals were relatively similar with the dominant OTUs being Prevotella 
(OTU 814711) and Prevotella (OTU 647403), in which was identified as a P. ruminicola species. In 
the rumen, Prevotella spp. generally contribute a significant portion of the total bacterial population 
with relative abundances ranging from 42% to 60% (Castro-Carrera et al., 2014; Stevenson and 
Weimer, 2007). There is considerable diversity with the Prevotella genus, but in the rumen the most 
well known species are P. ruminicola, and P. bryantii. A comparative genome analysis showed P. 
ruminicola and P. bryantii have an abundance of enzymes associated with glycoside hydrolase 
families 3 and 43, which are primarily composed of β-xylosidases, α-L-arabinofuranosidase and 
arabinases (Dodd et al., 2010b; Purushe et al., 2010). These enzymes act on the hemicellulose and 
pectin components of the plant cell wall. These Prevotella spp. also demonstrate strong proteolytic 
activity in rumen fluid (Griswold et al., 1999), suggesting that these common Prevotella species 
have the greatest impact on protein degradation and breaking down the non-structural components 
of the plant cell wall. 
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After feeding H57 to the sheep for five weeks (week 13 of the trial), there was a significant 
difference (P = 0.001) in weight gain compared to the control sheep, with a daily weight gain of 194 
g day-1 for the H57 fed sheep and 29.8 g day-1 for the control sheep (Le et al., 2016b). Rumen 
bacterial community profiles at this time point also showed a shift in the dominant populations. In 
the control sheep the dominant bacterial populations were similar to those at week eight with 
Prevotella OTU 814711 and Prevotella OTU 647403 as the dominant populations. In the H57 fed 
sheep populations of Prevotella OTU 814711 and Prevotella OTU 647403 were reduced, while 
Prevotella OTU 216587 and Roseburia OTU 4463709 increased in abundance and dominated the 
microbiome. Little is known about the potential role of Prevotella OTU 216587 (classified as 
Prevotella sp. DJF_CP65), as the only data available on this species is the unpublished data 
deposited in GenBank (Clark et al., 2015) under the accession EU728727.1, stating that it was 
isolated from pig intestine in Denmark. The closest known relative is Prevotella veroralis 
(GQ131418.1), a 16S rRNA clone of the human oral microbiome (Dewhirst et al., 2010) with 90% 
homology over the 16S rRNA gene. Generally for bacteria to be classified as the same genus they 
require a similarity of greater than 95% over the 16S rRNA gene (Bosshard et al., 2003). Therefore 
the fact that Prevotella sp. DJF_CP65 only has a 90% similarity to P. veroralis, there is some 
uncertainty with respect to its classification into species level within the Prevotella genus.  
As mentioned previously Prevotella OTU 216587 also showed 100% sequence identity to 
the 16S rRNA gene of an uncultured Homeothermaceae, which has been identified in the 
gastrointestinal tract of humans, mice, guinea pigs and koalas (Ormerod et al., 2016). Ormerod et 
al. (2016) identified three trophic guilds within the genomes of Homeothermaceae that are involved 
in the degradation of α-glucans (primarily starch degradation), complex plant cell wall glycans 
(arabinan, xylan and pectin) as well as host derived glycans that are primarily β-hexosaminidases 
(Ormerod et al., 2016). If Homeothermaceae is in fact the true classification of this OTU, the 
carbohydrate degrading enzymes that it can produce may contribute to the weight gain observed in 
the H57 fed sheep.  
The second most abundant OTU within the H57 fed sheep was classified as Roseburia 
faecis, a strictly anaerobic Gram-variable rod shaped bacterium that has been isolated from human 
faeces (Duncan et al., 2006). Biochemical growth studies showed that R. faecis strains are capable 
of producing butyrate and formate as major end products and lactate as a minor product from the 
fermentation of glucose (Duncan et al., 2006). Even though these two most dominant genera 
(Prevotella and Roseburia) make up ~65% of the total bacterial population in the H57 treated ewes, 
they are taxonomically unrelated coming from different Phyla (Fig 4.3 A) suggesting that these 
organisms contribute different roles in fermentative breakdown of plant tissues in the sheep rumen. 
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Although not as abundant, the rumen microbial community showed several other OTUs that 
had a significantly different abundance between the control and H57 fed sheep, including a 
Methanobrevibacter OTU. Methanobrevibacter belong to a group of archaea called methanogens, 
which play a key ecological role in the rumen, removing hydrogen, so that fermentation can 
proceed efficiently (Saengkerdsub and Ricke, 2014). In doing so, methanogens produce methane 
gas that is eructated into the atmosphere, which is a considerable environmental problem for the 
agriculture industry. The reduction of methanogenic populations within the H57 fed sheep could 
lead to reduced methane emissions, although this was an unexpected outcome of this study and 
methane measurements were not recorded to confirm this hypothesis. 
 In the calf samples, there were no significant differences found in the bacterial populations 
of the control and +H57 calves at week 12, after calves had been fed H57 for eight weeks. This was 
unexpected as Le et al. (2016a) observed the H57 fed calves to increase in live weight by an 
average of 220 g day-1 compared to the control calves. The H57 fed calves also had a reduction in 
diarrhoea compared to the control calves suggesting that H57 was contributing to animal health (Le 
et al., 2016a). It is possible that the same dominant populations between treatment groups are 
having a different influence on the rumen digestive process, or that the probiotic effect of H57 is not 
only restricted to affecting the rumen bacterial population, but may also interact with the host 
physiology. There was, however, a shift in bacterial populations in all calves between the two 
sampling time points (week four and week 12). This was not unexpected as there was a change in 
diet between week four and week 12. At week four the diet consisted primarily of milk whereas at 
week 12 all calves had been weaned off milk onto a 100% pellet diet. The dominant populations 
present at week four included Prevotella OTU 572743 and a Phascolarctobacterium (OTU 22697). 
Members of the Phascolarctobacterium genus have been found in a number of gastrointestinal tract 
environments and are thought to have adapted to the intestinal environment by specialising in 
utilising succinate produced by other bacterial species as an energy source, producing propionate as 
an end product (Del Dot et al., 1993; Watanabe et al., 2012). As the animals were fed primarily 
milk at the week four time point it was surprising to find a member of the Prevotella genus as a 
dominant species, due to their generalised role in fibre digestion. Studies into the development of 
the rumen bacterial population from birth to adulthood revealed the presence of Prevotella species 
as early as one day postpartum, suggesting that calves begin with an adult-like bacterial community 
as microbes are transferred from dam to calf (Jami et al., 2013; Rey et al., 2014). If there is 
restricted access to the dams there is a delay in the establishment of cellulolytic bacteria in the 
rumen (Fonty et al., 1989). 
At week 12 the dominant populations in both groups of calves were classified as belonging 
to the family Succinivibrionaceae (OTU 805647) and Prevotella OTU 216587. The latter is the 
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same Prevotella OTU that was dominant in the pregnant ewes given pellets +H57 at week 13. 
Members of the Succinivibrionaceae family have a capacity to breakdown glucose and other 
carbohydrates producing succinate and acetate as major end products (Bryant et al., 1958; O'Herrin 
and Kenealy, 1993; Stackebrandt and Hespell, 2006), which may be of benefit as the calves 
transition to the pelleted diet. 
The calf sequencing data at higher levels of taxonomic classification show that as the calves 
age from four weeks old to 12 weeks the populations become more diverse. At four weeks of age 
the calf populations are dominated by two different families (Prevotellaceae and Veillonellaceae) 
belonging to their respective phyla (Bacteroidetes and Firmicutes) while at week 12 there is an 
increase in Succinivibrionaceae, which belong to the Proteobacteria phylum (Fig 4.5). This 
suggests that as the calves shift from a milk diet to pellets, the rumen microbiome also shifts 
enabling a further phylum of bacteria to share dominance. With a change to a more fibrous diet it 
was not unexpected to see an increase in bacterial diversity, although it was unexpected to see an 
increase in Proteobacteria, as most studies on ruminants fed high grain diets (Jami and Mizrahi, 
2012; Petri et al., 2014) show that the bacterial populations are usually dominated by Firmicutes 
and Bacteriodetes. In this instance the unexpected dominance of Proteobacteria is due to the 
abundance of a single unclassified Succinivibrionaceae OTU (805647) with 23.35% abundance in 
control animals and 23.87% abundance in H57 fed animals. 
From the 16S rRNA gene amplicon data from both the sheep and calves, H57 was 
undetected in the treated animals. The relative abundance of H57 within the rumen population was 
likely to have been too low to reach the sequence threshold of greater than 0.05% abundance (Figs 
4.1 and 4.4). Even when the threshold was dropped to include all sequenced OTUs, only 3 reads 
were identified as belonging to H57. To identify the concentration of H57 within the rumen fluid 
samples a B. amyloliquefaciens specific qPCR assay was performed. We found that H57 was 
present at 2.65 x 104 ± 1.72 x 103 cells mL-1 (average concentration ± SEM) in the sheep and 3.59 x 
104 ± 2.06 x 103 cells mL-1 in the calves. To understand why H57 was not present in the 16S rRNA 
gene amplicon data apart from the three reads identified in ewes 391 and 611, we calculated the 
sequencing coverage depth to determine if sequences of H57 were expected to be present given the 
concentration of H57 in the rumen. For the sheep we retained 29,555 ± 2,885 (average ± SEM) 
reads after quality filtering. For one read of H57 to be sequenced it needed to be within 0.003% of 
the population (1/29,555 x 100). Hungate (1966) describes the concentration of total bacteria in the 
rumen between 4.0 x 109 to 8.8 x 1010 cells mL -1 for sheep and cattle, therefore for H57 to be 
sequenced it would need to be present in numbers greater than 1.39 x 105 cells mL-1 (0.003% of 4.0 
x 109), at the most dilute estimate of ruminal bacterial density. In the calf samples we retained 
62,465 ± 1,857 reads after quality filtering. Therefore H57 needs to be within 0.002% of the 
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bacterial population. With a total rumen microbiome population of 4.0 x 109 cells mL-1, H57 needs 
to be present in numbers greater than 6.7 x 104 cells mL-1 for at least one read to be sequenced. 
From the qPCR data we can conclude that in both the sheep and calf samples, H57 is not at 
sufficient concentrations to appear in the sequencing data.  The low relative abundance of H57 in 
the rumen makes the mechanism for its positive impact on growth rate (Le et al., 2016a; Le et al., 
2016b) difficult to understand. 
The genome of H57 supports a number of genes that could impact ruminal fermentation, 
including a number of antimicrobials, as well as genes involved with carbohydrate metabolism 
(Schofield et al., 2016). The expression of these genes is dependent on H57 spores germinating into 
vegetative cells. The H57 genome shows it has the potential to grow under anaerobic conditions 
(Schofield et al., 2016) but it is unclear if it does so, especially as the numbers we found in the 
rumen were so low. Bacillus subtilis spores can be a carrier for carbohydrate degrading enzymes 
with the enzymes displayed on the spore coat surface, fusing with spore coat proteins such as CotG 
and OxdD (Potot et al., 2010). These enzymes retained their enzymatic activity and were stabilised 
by attachment to the spore coat. Sirec et al. (2012) demonstrated that the adsorption of β-
galactosidase to the spore coat of B. subtilis stabilised its enzymatic activity even when exposed to 
high temperatures (75°C and 80°C) for over an hour and low pH (pH 4). Perhaps during the 
sporulation process antimicrobial lipopeptides produced by the vegetative H57 cells during 
fermentation may absorb onto the H57 spores thus stabilising them against the high temperatures 
(c.80°C) of the feed pelleting process, so that they remain active when fed to the animals. H57 
spores may also benefit ruminants through the absorption and stabilisation of fibre-degrading 
enzymes within the rumen allowing for greater degradation of plant materials, but it is unsure 
whether there are sufficient numbers in the rumen for this to occur. Determining the mechanism(s) 
by which H57 improves productivity remains elusive. 
 
4.5 Conclusion 
The addition of H57 to the diet had a positive influence on the growth of both sheep (Le et al., 
2016b) and dairy calves (Le et al., 2016a). We have shown that the rumen bacterial community of 
sheep fed a poor quality diet are influenced by the addition of H57 to the diet. It is unclear if the 
differences in bacterial profile presented in this study are associated with the physiological changes 
observed. Metatranscriptomic studies are required to better understand the activities of the dominant 
rumen organisms that were found. In the dairy calves, significant differences in rumen bacterial 
profile between the control and H57-fed calves were unable to be distinguished, suggesting there 
may be other mechanisms of action for the probiotic H57. How does H57 benefit ruminants whilst 
most likely remaining as a spore and at such low numbers that it is not present in the sequencing 
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data? To understand these benefits it would need to be understood whether it is related to an ability 
to produce (or stimulate production of by other bacteria) digestive enzymes, or the various 
antimicrobial compounds (that H57 has the genetic potential to express) and then stabilise these 
beneficial compounds on the spore surface. 
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5 An integrated omics analysis of the rumen microbiome in 
sheep fed the probiotic Bacillus amyloliquefaciens H57 
5.1 Introduction 
The ruminant diet is primarily composed of plant structural carbohydrates such as lignin, cellulose, 
and hemicellulose. The complexities of these substrates require specific hydrolytic enzymes, which 
ruminants are unable to produce by themselves. Instead, a complex community of microorganisms 
within the rumen symbiotically digests plant carbohydrates into energy metabolites to be utilised by 
the host. Of the rumen microorganisms, bacteria are the most abundant with concentrations of 109-10 
mL-1 (Hungate, 1966). The different rumen bacterial populations aid in digestion, by specialising in 
particular functions. Cellulolytic bacteria such as Fibrobacter succinogenes, Ruminococcus 
flavefaciens and Ruminococcus albus, break down the tough structural components of the plant cell 
wall using enzymes that hydrolyse the β-1,4 glucosidic linkages of structural carbohydrates 
(Choudhury et al., 2015; Krause et al., 2003). Though these cellulolytic bacteria are important to 
digestion, they are not generally the most abundant populations within the rumen. In fact, studies 
into the community composition of rumen bacteria show Prevotella as the predominant population, 
with relative abundances ranging from 42-60% of the total bacterial population (Castro-Carrera et 
al., 2014; Stevenson and Weimer, 2007). Rumen Prevotella are generally known for their 
proteolytic abilities (Griswold et al., 1999), as well as breaking down the less structural 
hemicellulosic components of the plant cell wall (Dodd et al., 2010a; Purushe et al., 2010). 
  During the sheep feeding trial conducted in this study, the dominance of Prevotella in the 
rumen bacterial community was further supported by sequencing the 16S rRNA PCR amplicon 
(Chapter 4). It was revealed that in both treatment groups Prevotella OTUs were the dominant 
population, although different representatives were abundant in the control sheep as opposed to the 
H57-fed sheep, with Prevotella OTU 814711 the most abundant in the control sheep and Prevotella 
OTU 216587 the most abundant in the H57 fed sheep (Chapter 4, Fig 4.1). The community profile 
also showed a number of other differences in bacterial composition between the two treatment 
groups, including an abundance of Succinivibrionaceae (OTU 9357) in the control sheep and 
Roseburia (OTU 4463709) in the H57 fed sheep. A limitation of PCR amplicon sequencing is that it 
is unable to determine aspects of functionality within the various bacterial communities. Therefore 
this particular method was unable to explain how these differing community profiles contributed to 
the beneficial effects observed in the H57 fed sheep. To do so would require a more comprehensive 
analysis of the rumen microbiome, such as that provided by metagenomic and metatranscriptomic 
sequencing. 
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  Metagenomic sequencing is the unbiased sequencing of all genetic material within a sample, 
providing an overview of the functional potential within a microbial community. Within the 
metagenomic data, individual population genomes can be assembled providing a framework for 
species level analysis of functionality. As metagenomic sequencing only sequences the genetic 
material, it is restricted to determining which genes are present in the metagenome/population 
genomes, but not whether those genes are actively being expressed. This limitation can be 
addressed by sequencing the messenger RNA transcripts, referred to as metatranscriptomics, to 
determine which genes are actively being transcribed at the time of sampling. Using an integrated 
analysis of the sheep rumen metagenome (MG) and metatranscriptome (MT) it is hoped that 
differences in microbial activity and significance could be determined between the control and H57-
fed sheep. 
 
5.2 Materials and methods 
5.2.1 Sample collection and DNA extraction 
Rumen fluid samples were collected from 12 pregnant Dorper ewes (6 x control, 6 x fed H57) from 
the H57 feeding trial reported by Le et al. (2016b). The Animal Ethics committee of the University 
of Queensland approved the use of these experimental animals and procedures under the approval 
number of SVS/022/13/ARC. The control sheep were fed a PKM and sorghum based pelleted diet 
while the H57 sheep were fed an identical diet supplemented with 2.85 x 109 cfu of H57 spores kg-1 
pellets (Le et al., 2016a). Rumen fluid samples were collected and stored as described in Chapter 
4, section 4.2.2. 
Genomic DNA was extracted from 1 mL aliquots of sheep rumen fluid using the RBB + C 
method (Yu and Forster, 2005) described in Chapter 3, section 3.3.2. DNA concentrations and 
purity of rumen fluid samples were then determined using the Qubit® dsDNA BR Assay Kit with 
the Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). DNA was then diluted to 5 ng/µl for 
sequencing. 
 
5.2.2 Metagenomic library preparation and sequencing 
DNA libraries of sheep rumen fluid were prepared according to the Nextera® DNA Sample 
Preparation Guide (Illumina, San Diego, CA, USA). Template DNA (50 ng) for each sample was 
simultaneously fragmented and tagged using 25 µL of Tagment DNA Buffer (Illumina, San Diego, 
CA, USA) and 5 µL of Tagment DNA Enzyme (Illumina, San Diego, CA, USA) in a 50 µL 
reaction. Tagmentation occurred by incubating for 5 min at 55°C. Tagmented DNA was purified 
with the successive addition of 250 µL of DNA binding buffer (Zymo Research, Irvine, CA, USA), 
200 µL of Wash Buffer (Zymo Research, Irvine, CA, USA), and 25 µL of Resuspension Buffer 
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(Zymo Research, Irvine, CA, USA), with centrifugation steps at 10,000 g for 30 s to remove 
supernatant between buffer additions. Tagmented DNA was indexed and amplified by PCR using 
dual indexing primers (Nextera XT Index Kit, Illumina, San Diego, CA, USA). The PCR reaction 
comprised 5 µL of both index primers (I5 and I7), 15 µL of Nextera PCR Master Mix (Illumina, 
San Diego, CA, USA), 5 µL of PCR Primer Cocktail (Illumina, San Diego, CA, USA) and 20 µL of 
DNA template. Amplification consisted of an initial denaturation of 98°C for 30 s, followed by 5 
cycles that include a denaturation step of 98°C for 10 s, annealing at 63°C for 30 s and elongation at 
72°C for 3 min. The PCR product was then cleaned using Agencourt AMPure XP beads (Beckman 
Coulter Australia Pty Ltd, Lane Cove, NSW, Australia). The clean up consists of adding 30 µL of 
AMPure XP beads to 50 µL of PCR product. After an incubation of 5 min at room temperature the 
samples were placed into a magnetic rack for 2 min. After removing the supernatant the beads were 
washed with 80% ethanol twice then the PCR product was resuspended in 27 µL of Resuspension 
Buffer. The PCR product was assessed for quality control using the Agilent DNA 1000 kit (Agilent 
Technologies, Santa Clara, CA, USA) and run on a 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA). The DNA libraries were pooled then sequenced on the NextSeq 500 sequencing 
platform (Illumina, San Diego, CA, USA). Paired-end MG reads from Illumina shotgun 
metagenomic sequencing were merged using SeqPrep v2013-08-29 (John, 2011) and adaptor 
sequences trimmed with nesoni v0.108 (Harrison, 2015). 
 
5.2.3 RNA extraction 
RNA was extracted from sheep rumen fluid samples using a procedure modified from the “Liquid 
Ruminal Contents Isolation” described by (Wang et al., 2011) incorporating the acid guanidinium–
phenol–chloroform (AGPC) method (Chomczynski and Sacchi, 2006). Frozen 1 mL aliquots of 
rumen fluid were defrosted with 3 mL of added TRIzol® Reagent (Life Technologies, Carlsbad, 
CA, USA). The sample was divided into two 2 mL cryotubes containing 0.5 g zirconia beads 
(BioSpec Products Inc., Bartlesville, OK, USA) and homogenised in a mini bead beater 16 
(BioSpec Products Inc., Bartlesville, OK, USA) for three minutes. For separation of RNA from 
DNA, solution D (4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7.0, 0.5% (w/v) N-
laurosylsarcosine and 0.1 M 2-mercaptoethanol), 2 M sodium acetate, pH 4, water-saturated phenol 
and a chloroform/isoamyl alcohol mix (49:1 respectively) were added and mixed thoroughly. The 
samples were cooled on ice before centrifuging at 3,900 rpm for 20 min, 4°C in an Eppendorf 
centrifuge 5810 R (Eppendorf, Hamburg, Germany) separating the RNA and DNA into their 
respective layers. The aqueous layer containing RNA was then transferred to a new tube and the 
RNA was precipitated by incubating the samples in isopropanol (1:1, v/v) for 1 hour at -20°C. Any 
contaminating DNA was then removed from the RNA precipitate with DNase using the TURBO 
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DNA-free™ Kit according to kit instructions (Life Technologies, Carlsbad, CA, USA). RNA was 
then purified using the RNeasy mini kit (Qiagen, Valencia, CA, USA). RNA concentration was 
determined using a Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) in concert 
with the Qubit® RNA BR Assay kit (Life Technologies, Carlsbad, CA, USA). 
 
5.2.4 Metatranscriptomic library preparation and sequencing 
Metatranscriptomic cDNA libraries were prepared from extracted RNA using the ScriptSeq™ 
Complete Kit (Bacteria) low input (Epicentre Technologies Corp., Madison, WI, USA) as per kit 
instructions. The kit includes ribosomal RNA depletion using the Ribo-Zero rRNA Removal Kit 
(Epicentre Technologies Corp., Madison, WI, USA). The remaining RNA was purified using the 
RNeasy MinElute Cleanup Kit (Qiagen, Valencia, CA, USA) before sequencing libraries were 
prepared with the ScriptSeq™ v2 RNA-Seq Library Preparation kit (Epicentre Technologies Corp., 
Madison, WI, USA). Complementary DNA libraries were then analysed for quality using an 
Agilent 2100 Bioanalyser (Agilent Technologies, Santa Clara, CA, USA) in concert with the 
Agilent high sensitivity kit. The cDNA libraries were then pooled and sequenced on the NextSeq 
500 sequencing platform (Illumina, San Diego, CA, USA). Paired-end MT reads were quality 
checked using FastQC v0.10.1 (Andrews, 2014). Trimmomatic v0.32 (Bolger et al., 2014) was then 
used to remove adaptor primer sequences. PhiX contamination was removed by removing all reads 
that mapped to the PhiX genome using BamM v1.5.0 (Imelfort et al., 2007). Non-coding RNA was 
then removed using SortMeRNA v2.0 (Kopylova et al., 2012). 
 
5.2.5 Metagenome community profiling 
Community profiling of the MG were performed on trimmed reads using CommunityM v0.1.3 
(Parks, 2014). This tool identified small subunit (SSU) genes within the MG using a SSU gene 
hidden Markov model (Eddy, 1998). Those SSU reads were then classified using BWA-mem 
v0.7.12-r1039 (Li, 2013) to map against the Greengenes database v2013_08 (DeSantis et al., 2006) 
with 97% similarity. The classified SSU reads were then assembled into an OTU table summarising 
the number of reads assigned to each unique identifier. The read counts for each OTU were 
normalised as a percentage of total reads for each sample. Using R v3.1.2 (R Core Team, 2013) 
PCA was performed on a Hellinger transformed (Rao, 1995) OTU table to determine variations in 
relative abundance. The dominant OTUs for each treatment group, represented as indicator species 
as defined by Dufrêne and Legendre (1997), were determined using the R script Indval (Dufrêne 
and Legendre, 1997). The metagenomes from both the control and H57 fed sheep were annotated 
using Prokka v1.11 (Seemann, 2014) using the “metagenome” parameter for improved gene 
predictions of highly fragmented genomes.  
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5.2.6 Functional profiling of sheep metagenome and metatanscriptome 
Trimmed MG and MT reads were searched against the eggNOG database (Powell et al., 2013) 
using DIAMOND-BLASTp (Buchfink et al., 2015). The resulting classified reads were then 
assigned to their respective COG gene families (Tatusov et al., 2003). A table of COG gene 
families for each sheep was assembled summarising the number of MG and MT reads assigned to 
each family, respectively. The read counts were normalised between individual sheep by adjusting 
the read counts to number of reads mapped per million reads. Variations in MG and MT 
functionality between the sheep of each treatment group was achieved through PCA and a 
permutation test of multivariate homogeneity over 999 permutations using R v3.1.2 (R Core Team, 
2013). The R script Indval (Dufrêne & Legendre, 1997) was then used to identify dominant gene 
families within each treatment group for both the MG and MT.  
 
5.2.7 Genome assembly and classification 
Using the CLC de novo assembler v7.5.1 (CLC Bio-Qiagen, Aarhus, Denmark), contiguous 
sequences were assembled from trimmed metagenomic reads (section 5.2.2). The datasets of the 
ewes from each treatment group were combined during assembly to produce a control sheep co-
assembly and H57-fed sheep co-assembly.  
  Paired-end reads of the control and H57-fed sheep were then mapped to their respective 
assemblies using BamM v1.3.8 (Imelfort et al., 2007). The resultant mapping file was used to group 
contigs into population genome bins using the GroopM software (Imelfort et al., 2014). Core 
genome bins were produced at contig cut-off lengths of 1.5 kb, 2 kb and 3 kb, and remaining 
unbinned contigs were recruited to these core genome bins using the GroopM recruit function. 
Genomes were then assessed for quality using CheckM (Parks et al., 2015) and genomes with less 
than 60% completeness and greater than 10% contamination were discarded. The genome bins of 
each contig length threshold were then compared using the CheckM bin_compare tool (Parks et al., 
2015) to identify equivalent genomes within each cut-off threshold. Of the equivalent genomes 
within the different contig thresholds, the genome with the highest quality (as decided by most 
complete, least contaminated and fewest contigs), was selected for further analysis. 
 The population genomes were then classified by a concatenated alignment of 99 single copy 
marker genes against genomes of the RefSeq (release 76) database (Pruitt et al., 2007) using 
HMMER v3.1b2 (Finn et al., 2011). The inferred genome tree was then rooted by the phylum 
Cyanobacteria using genometreetk v0.0.20 (Parks, 2016) and decorated with phylogeny using 
tax2tree (McDonald et al., 2012). Tree visualisation was then performed using ARB v6.0.2 (Ludwig 
et al., 2004). 
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5.2.8 Contribution of populations to functionality 
Among the trimmed MT reads, those mapping to the different COG gene families (section 5.2.6) 
were extracted using fxtract v20140804 (Skennerton, 2014). The extracted reads were then mapped 
to the population genomes using BamM v1.3.8 (Imelfort et al., 2007) to identify the contribution of 
each genome to each particular function. Using R v3.1.2 (R Core Team, 2013) a PCA was 
performed to show the variation in the number of reads for each COG gene family that mapped to 
the population genomes in both the control and H57-fed sheep. 
 
5.3 Results 
5.3.1 Metagenome and metatranscriptome-based taxonomic and functional profiles 
Shotgun MG sequencing of sheep rumen fluid samples produced a total of 168,262,482 raw reads. 
From the control sheep the average MG reads per animal were 10,825,275 ± 621,483 (average ± 
SEM), while in the H57 sheep 17,218,472 ± 1,494,354 reads were sequenced. Annotation of MG 
from control sheep resulted in 217,972 ORFs while in the H57 fed sheep 240,313 ORFs were 
identified. Metatranscriptomic sequencing of sheep rumen fluid samples produced a total of 
265,339,040 raw reads with an average of 37,116,769 ± 15,267,014 from the control sheep and 
7,106,404 ± 1,898,170 from the H57 fed sheep. Using communityM v0.1.3 (Parks, 2014) 16S 
rRNA gene reads were extracted from the MG of each sample to produce taxonomic profiles. In the 
control sheep an average of 2,479 ± 108 (average ± SEM) 16S rRNA reads were extracted while in 
the H57 fed sheep 1,291 ± 251 16S rRNA reads were identified. Note that this could not be done for 
MT as rRNAs were depleted in these datasets. A PCA of the taxonomic profiles presented in Fig 
5.1 A, shows clustering of each ewe within their respective treatment groups, with the differences 
between groups being significant (P = 0.004). Dominant indicator OTUs of the control sheep 
primarily includes members of the Succinivibrio and Prevotella genera as well as those of the 
Succinivibrionaceae family (Fig 5.1 A). Of the H57 fed ewes indicator OTUs also consist of 
members of the genus Prevotella as well as Butyrivibrio, Acidaminococcus, Bulleidia and members 
of the orders Clostridiales and Bifidobacteriales (Fig 5.1 A). 
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Figure 5.1: Principle component analysis of sheep metagenome (MG) and metatranscriptome (MT). Numbers indicate 
ewe tag number, control ewes in green, Bacillus amyloliquefaciens H57-fed ewes in maroon. A) Shows variance in 
community composition of the MG; B) shows variance in gene composition of the MG; C) shows variance in gene 
composition of the MT. Circles identify clustering of individual sheep. The text beside each plot shows taxonomy/genes 
of interest that are differentially represented in either the control or Bacillus amyloliquefaciens H57 fed sheep. 
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To determine the functional differences of the MG and MT between ewes of each treatment 
group a PCA was performed (Fig 5.1 B and C, respectively). In both the MG and MT the different 
ewes clustered within their respective treatment group apart from the MT of ewe 397, which is a 
control ewe that clustered with the H57 group (Fig 5.1 C). This particular ewe was taken as an 
outlier and was therefore excluded from further analysis along with ewe 391 in the H57-fed group, 
which was randomly selected to ensure an even number of samples for each treatment group. 
Indicator analysis was then performed to identify gene families that were significantly different 
between the treatment groups (Fig 5.1; discussed below). 
To obtain a higher level overview of functional differences between the treatment groups, 
the MG and MT data were assigned to their COG functional categories (Fig 5.2). In the MG there 
was little difference between treatment groups with only a small number of categories shown to be 
significantly different (P < 0.01). Of the significantly different categories, those involved with 
coenzyme transport and metabolism (H), Cell wall/membrane/envelope biogenesis (M) and 
secondary metabolites biosynthesis, transport and catabolism (Q) were shown to be increased in the 
control ewes, whereas categories involved with replication, recombination and repair (L) and 
inorganic ion transport and metabolism (P) were increased in the H57 fed ewes (Fig 5.2). By 
contrast, most COG categories were significantly different between the MT (Fig 5.2) of the control 
and H57 fed sheep. Those that showed greatest abundance in the H57 fed sheep include categories 
involved with energy production and conversion (C), carbohydrate transport and metabolism (G) 
and translation, ribosomal structure and biogenesis (J), whereas the most abundant category in the 
control ewes was that of unknown function (S). 
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Figure 5.2: Sheep metatranscriptomic representation of COG functional categories. Unmapped reads of MG are 3,914 
± 337 and 4,606 ± 448 for control and Bacillus amyloliquefaciens H57 fed sheep respectively. Unmapped reads of MT 
are 75,742 ± 6,865 and 43,598 ± 12,346 for the control and Bacillus amyloliquefaciens H57 fed sheep respectively. 
Error bars are SD. * = P <0.05; ** = P < 0.01. 
 
5.3.2 Population genomes 
A total of 34 draft population genomes were recovered from the MG data of the 12 ewes in order to 
provide species-level resolution of functionality in the sheep rumen. Of the 34 genomes, 12 were 
assembled from the control sheep, while 22 were assembled from the H57 fed sheep. These draft 
genomes were of moderate to near completion according to CheckM (Parks et al., 2015), and 
recovered in 33 to 595 scaffolds (Table 5.1). The genomes ranged in size from 1.3 to 3.9 Mbp with 
a GC content range between 27.5% and 63.1% (Table 5.1). The most represented genus in this 
dataset was Prevotella, with eight representative genomes, six being near complete. 
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Table 5.1: Summary statistics of sheep population genomes. 
Population 
genome 
Genome based 
classification 
Genome 
size (bp) 
Number of 
scaffolds N50 %GC ORF 
% 
Compl.a 
% 
Cont.b 
Treatment 
group 
SR_c21 Butyrivibrio  3,658,785  120  112,802  42.7  3,265  89.87 4.17 control 
SR_c42 Acidaminococcaceae  2,755,399  251  47,176  49.6  2,793  97.49 5.56 control 
SR_c46 Succinivibrionaceae  2,905,293  196  23,905  39.7  2,508  96.26 0 control 
SR_c48 Prevotella  2,799,163  445  20,522  45.9  2,681  88.14 5.67 control 
SR_c49 Prevotella  3,637,604  109  58,567  47.9  3,058  95.53 2.53 control 
SR_c50 Succinivibrionaceae  3,799,703  235  44,384  57.2  2,954  95.98 4.74 control 
SR_c51 Prevotella  3,930,332  595  38,195  47.4  3,762  96.98 7.06 control 
SR_c52 Succinivibrionaceae  2,366,331  159  56,061  36.3  2,158  98.53 0.29 control 
SR_c59 Selenomonas  3,816,218  229  58,599  53.3  3,585  96.73 0.71 control 
SR_c69 Methanobrevibacter  1,986,733  50  112,311  28.9  1,736  99.20 0 control 
SR_c76 Lachnobacterium  2,489,772  163  30,304  44  2,376  91.20 3.62 control 
SR_c9 Lachnospiraceae  3,718,458  307  33,219  41.3  3,669  93.97 4.76 control 
SR_t110 Lachnospiraceae  3,328,639  227  90,883  54.3  2,944  96.74 6.47 H57 
SR_t117 CAG508  1,389,620  276  8,720  27.5  1,419  69.90 2.99 H57 
SR_t132 Olsenella  2,779,499  58  186,048  63.1  2,418  100 1.81 H57 
SR_t134 Solobacterium  2,882,788  262  36,407  47  2,874  100 5.62 H57 
SR_t183 Prevotella  2,099,223  301  12,121  38.5  1,869  64.74 3.28 H57 
SR_t32 Sphaerochaetaceae  1,875,281  100  31,459  57.4  1,820  61.33 0 H57 
SR_t35 Prevotella  2,967,989  195  33,551  49.2  2,387  95.91 0.23 H57 
SR_t38 Lachnospiraceae  2,949,274  374  19,246  51.7  2,664  93.74 0.63 H57 
SR_t45 Acidaminococcus  1,270,311  108  35,091  57.1  1,175  61.97 2.86 H57 
SR_t48 Lachnobacterium  2,637,827  174  26,493  41.7  2,521  76.26 2.21 H57 
SR_t49 Lachnobacterium  2,457,945  548  9,350  43.4  2,681  82.29 4.85 H57 
SR_t52 Acidaminococcaceae  1,866,974  252  23,315  50.2  1,855  68.08 7.19 H57 
SR_t56 Prevotella  3,382,123  222  40,322  49.5  2,947  95.71 5.15 H57 
SR_t60 Prevotella  3,742,818  88  92,179  46.6  3,149  98.93 1.19 H57 
SR_t61 Alloprevotella  2,970,249  131  63,639  55.1  2,339  87.56 1.67 H57 
SR_t65 Bifidobacteriaceae  2,087,249  33  159,671  60.5  1,604  100 0 H57 
SR_t72 Eubacterium  1,258,448  84  41,978  55.4  1,106  59.04 1.65 H57 
SR_t76 Atopobiaceae  2,008,635  177  20,245  60.1  1,997  83.10 1.7 H57 
SR_t77 Bifidobacterium  1,688,815  226  15,552  59.8  1,506  84.16 5.67 H57 
SR_t81 Lachnospiraceae  3,010,112  161  69,300  41  2,873  91.30 2.33 H57 
SR_t87 Homeothermaceae  3,405,976  225  89,432  54.8  2,879  97.36 8.53 H57 
SR_t88 Solobacterium  2,290,262  404  12,349  51.1  2,449  85.54 6.98 H57 
a Percentage complete; b Percentage contaminated 
 
MG and MT reads from each ewe were mapped against the 34 reference population 
genomes. The percentage of reads mapped to each genome provides an estimate of the relative 
abundance of each genome (metagenomic reads) as well as the relative transcriptional activity 
(metatranscriptomic reads) of each treatment group (Fig 5.3). These 34 genomes contribute an 
average of 32.7% of the total sequenced community in the control sheep and 53.3% in the H57 fed 
sheep. The transcriptional activity of these genomes represents an average of 19.1% of total activity 
sequenced in the control sheep and 40.5% of transcriptional activity sequenced in the H57 fed 
sheep. Fig 5.3 shows that the most prevalent populations in the control sheep are SR_c51 
(Prevotella), SR_c46 (Succinivibrionaceae) and SR_c59 (Selenomonas). By contrast, in the H57-
fed sheep, two other Prevotella populations are most dominant (SR_t35 and SR_t60) as well as a 
Bifidobacteriaceae (SR_t65). The populations with the greatest relative expression overlapped with, 
but were not exactly the same as the most abundant populations. In the control sheep the most 
highly expressed populations were SR_c46, SR_c59 and SR_c49 (Prevotella), and in the H57 fed 
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sheep, SR_t38 (Lachnospiraceae), SR_t60 and SR_t134 (Solobacterium; Fig 5.3). Through 
mapping the MG and MT reads from each sheep against the H57 genome, it was revealed that no 
reads belong to H57 (data not shown). This suggests that the abundance and activity of H57 within 
the rumen is at such low concentrations, if at all, that the sequencing coverage is unable to detect it. 
  
 
Figure 5.3: Metagenome and metatranscriptome read coverage of assembled genomes. Reads from Control sheep = 
green; Reads from Bacillus amyloliquefaciens H57 fed sheep = maroon. Error bars are SEM. Unmapped MG reads in 
control sheep = 67.3%; Bacillus amyloliquefaciens H57 fed sheep = 46.7%. Unmapped MT reads in control sheep = 
80.9%; Bacillus amyloliquefaciens H57 fed sheep = 59.5%. 
 
5.3.3 Functional guilds of population genomes 
To provide an overview of species-level functionality, a PCA plot of weighted transcriptional 
abundances of COG gene families for each population was performed (Fig 5.4). It was found that 
the populations clustered primarily according to their phylogeny (Fig 5.4). This suggests that 
phylogenetically related populations are performing similar functions in the sheep rumen. Those 
clusters, which we refer to as functional guilds, include Bacteriodetes (Prevotella and 
Homeothermaceae), Firmicutes (Lachnobacterium, Lachnospiraceae, Roseburia and 
Solobacterium) and Gammaproteobacteria (Succinivibrionaceae and Succinivibrio), indicated by 
circles in Fig. 5.4. An indicator analysis revealed that the gene families represented in the 
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Bacteroidetes guild include a number of genes involved with carbohydrate metabolism, such as α-
amylase/α-mannosidase (COG 1449), endoglucanase (COG 2730), β-xylosidase (COG 3507) and 
L-arabinose isomerase (COG 2160). In the firmicutes guild the population genomes represent a 
number of gene families involved with sugar transport (COG 1653, COG 0395 and COG 3839) as 
well as some genes involved with carbohydrate metabolism, including the β-glucosidase/β-
galactosidase gene family (COG 2723). 
Changes in transcriptional profiles of populations were also tracked between control and 
H57 fed cohorts (indicated by arrows in Fig. 5.4). It was noted that most population profiles 
changed in response to the addition of H57, but only within the local guild. Many populations also 
showed pronounced shifts in their relative abundance (indicated by circle size in Fig. 5.4), 
suggesting that the H57 diet inhibited or reduced the ecological niche for some populations and did 
the reverse for others.  Some populations varied more than others given by the differing arrow 
lengths (Fig 5.4). In particular, the genus Solobacterium (SR_t134 and SR_t88) in the Firmicutes 
guild showed a substantial change in functionality in the H57-fed sheep from those in the control 
sheep. In fact these populations appear to converge on a common transcriptional profile (“activity 
hub”) within the H57-fed sheep along with the majority of the populations within the Firmicutes 
guild (shaded area in Fig 5.4). This functional convergence may point to a central role performed in 
the H57-fed sheep, whereas in the control sheep the populations are more diverse in their 
functionality. A similar activity hub was observed in the Bacteroidetes guild, where most of the 
population genomes clustered as they increased in abundance. In this guild the dominant Prevotella 
population in the control sheep (SR_c51) clustered within the activity hub in the control sheep, but 
greatly differed in functionality as it dropped in abundance in the H57 fed sheep, supporting the 
suggestion that the activity represented by this functional hub is likely a central role performed by 
this guild (Fig 5.4). 
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Figure 5.4: Metatranscriptome functional activity of population genomes.  
The large black circles represent clustering of population genomes into functional guilds. The smaller coloured circles 
represent the functionality of each population within the control sheep (O) and the Bacillus amyloliquefaciens H57 fed 
sheep (O). The size of the circles represents the relative abundance of that population within the sheep of their 
respective treatment group. The arrows designate the shift in function of that genome from the control sheep to the 
Bacillus amyloliquefaciens H57 fed sheep. Shaded areas represent activity hubs within their respective functional guild. 
Genomes with less than 1,000 reads mapped were removed from the figure. 
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5.3.4 Population contribution to differentially expressed genes 
In Fig 5.2, the H57 fed sheep showed significantly increased activity in the COG functional 
categories involved with energy production and conversion (C) and carbohydrate transport and 
metabolism (G). The metatranscriptomic reads of each sheep were mapped against individual COG 
families, associated with categories C and G, that were differentially abundant. Those reads 
mapping to certain COG families of interest were then assigned to the 34 population genomes, 
described in section 5.3.2, to identify the population contribution to each COG family (Fig 5.5). 
 
 
Figure 5.5: Differentially expressed genes of interest mapped to population genomes within each sheep. Reads were 
normalised between sheep by reads mapped per million reads. 
 
The normalised number of MT reads mapped to each COG family in the H57 fed sheep 
were considerably higher than the control sheep. Though even between sheep of the same treatment 
group there were variations in read counts (Fig 5.5). It is also shown that different populations are 
responsible for expressing these gene families between the two treatment groups consistent with the 
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previously described taxonomic shifts in community structure (Fig. 5.1A). In the H57 fed sheep, 
Lachnobacterium (SR_t49) and Prevotella (SR_t35, SR_t60 and SR_t183) populations contribute 
primarily to the gene families involved with carbohydrate metabolism, such as α-galactosidase 
(COG 3345), β-xylosidase (COG 3507) and L-arabinose isomerase (COG 2160). Whilst in the 
control sheep these gene families were primarily expressed by the Prevotella SR_c51 population at 
lower overall levels (Fig 5.5). The genomes primarily responsible for the expression of β-
glucosidase/β-galactosidase (COG 2723) in the H57 sheep include Lachnobacterium (SR_c76) and 
Solobacterium (SR_t134) with a particularly high expression of SR_t134 in ewe 748 (Fig 5.5). This 
Solobacterium population also showed high expression in ewe 748 for the ABC sugar transporter 
gene family (COG 1653), while Lachnobacterium (SR_t49) was the primary contributor of this 
function in the other ewes of the H57-fed group. Like most of the gene families presented in Fig 
5.5, the expression of citrate synthase (COG 0372) within the H57 fed sheep was primarily 
performed by Prevotella (SR_t35 and SR_t60) and Lachnobacterium (SR_t49) genomes. In the 
control sheep a Succinivibrionaceae (SR_c46) genome showed greatest representation (Fig 5.5). 
There was also a large number of reads of each gene family that did not map to any of the 34 
population genomes, which was to be expected, as the 34 population genomes only represent 
roughly 29.8% of the combined metatranscriptome (Fig 5.5). 
Among the differentially expressed gene families, nearly every step in the glycolysis 
pathway was up regulated in the H57 fed sheep. Fig 5.6 presents the contribution of the 34 
population genomes to the expression of each step within the glycolysis pathway. As expected for 
such a central pathway, the majority of glycolysis enzymes are expressed by multiple populations, 
though in the H57 fed sheep Prevotella (particularly SR_t35 and SR_t60) seem to play a prominent 
role in nearly every step (Fig 5.6). In the control sheep, it was Succinivibrionaceae (SR_c46) that 
was primarily responsible for expressing glycolysis enzymes. 
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Figure 5.6: Contribution of population genomes to the expression of glycolysis enzymes. Population genomes are 
grouped by taxonomy. Green represents control reads; Maroon represents reads from Bacillus amyloliquefaciens H57 
fed sheep. Error bars are SEM. The read counts are normalised by reads mapped per million reads (y-axis). The y-axis 
scale is not consistent between plots. 
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5.4 Discussion 
5.4.1 Gene-centric analysis of sheep rumen data 
Typical community profiling techniques such as sequencing PCR amplicons of the 16S rRNA gene, 
have revolutionised microbial ecology (Tringe and Hugenholtz, 2008). Though it is open to 
mistakes within the amplification process with the potential formation of PCR chimeras, which 
could lead to inaccurate classifications (Schloss et al., 2011). Shotgun metagenomic and 
metatranscriptomic sequencing addresses these limitations with the unbiased sequencing of all 
genetic and transcriptomic material within a sample, respectively (Morgan et al., 2010). A 
taxonomic classification of 16S rRNA reads found within the rumen metagenome of the control 
sheep and those fed H57 (Fig 5.1 A) revealed different microorganisms to be dominant within their 
respective treatment groups. The data shows Succinivibrio, Succinivibrionaceae and Prevotella 
OTUs to be dominant populations within the rumen of control sheep, while in the H57-fed sheep 
rumen fluid, different Prevotella OTUs as well as Butyrivibrio and Bifidobacteriales were shown to 
be dominant (Fig 5.1 A). These differences in community structure are largely consistent in the 
results of the 16S rRNA gene amplicon sequencing performed previously on the same samples 
(Chapter 4, section 4.3.1). In fact, the same Prevotella OTU (216587) that contributed 31 ± 2.9% 
of the population in the H57 fed sheep, as determined by 16S rRNA gene sequencing, was also 
identified as a dominant population within the MG data, although with a lesser relative abundance 
of 4.8 ± 0.6%. This drop in relative abundance may be the result of PCR bias between the two 
different sequencing methodologies as the PCR amplicon sequencing only represents the bacterial 
community whilst the metagenomic sequencing covers all DNA present. 
 The potential functionality to the sheep, provided by the genes within the rumen fluid MG, 
also shows variation between sheep of each treatment group (Fig 5.1 B). Among both the control 
and H57 fed sheep there are differentially abundant genes involved with the breakdown of xylan. In 
the control sheep, xylose isomerase (COG 2115) is differentially abundant (Fig 5.1 B), which 
catalyses the interconversion of D-xylose to D-xylulose (Bettiga et al., 2008). In the H57 fed sheep 
phosphoketolase (COG 3957) is differentially abundant, which is an intermediate for products of 
xylan degradation to enter glycolysis and subsequently VFA production (Heath et al., 1958). The 
metagenomes also show differentially abundant genes that contribute to energy production via the 
citric acid cycle (Fig 5.1 B). In the control sheep methylmalonyl-CoA mutase (COG 2185) is more 
abundant, which catalyses the interconversion between methylmalonyl-CoA and succinyl-CoA 
(Eggerer et al., 1960). In the H57 fed sheep phosphoenolpyruvate carboxylase (COG 2352) is 
abundant, which catalyses the addition of bicarbonate to phosphoenolpyruvate, producing an 
intermediate of the citric acid cycle, oxaloacetate (Millard et al., 1996). 
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Even though the sheep of each treatment group form their respective clusters of functional 
potential, they are both dominant in genes associated with xylan degradation and energy production 
(Fig 5.1 B). When the functionality is viewed within the MT (Fig 5.1 C), showing genes that are 
actively being expressed, it is only the sheep of the H57 fed group that show expression of such 
genes within the rumen fluid. The control sheep show an abundance of genes involved with cell 
replication (Fig 5.1 C) such as histones H3 and H4 (COG 2036) and dynein (COG 5245), which is 
a motor protein that assists in the movement of chromosomes during mitosis (Pfarr et al., 1990). 
They also have an abundance in ribosomal proteins (COG 1727 and COG 2139), which suggests 
that they have increased transcriptional activity. In the H57 fed sheep differentially expressed 
enzymes include those involved with carbohydrate degradation (Fig 5.1 C) such as β-glucosidase/β-
galactosidase (COG 2723), α-galactosidase (COG 3345) and L-arabinose isomerase (COG 2160). 
They also show an increased expression of the glycolytic enzyme enolase (COG 0148) and citrate 
synthase (COG 0372) of the citric acid cycle. This suggests that the H57 fed sheep show greater 
activity in digesting plant carbohydrates for energy production. 
 
5.4.2 Population contribution to functionality 
Of the 34 population genomes that were assembled from the sheep MG, specific populations were 
more dominant in the control sheep as opposed to the H57 fed sheep, and visa versa (Fig 5.3). In 
both instances Prevotella populations were the most abundant, although different populations were 
dominant in the control sheep (SR_c51 and SR_c49) as opposed to the H57 fed sheep (SR_t35 and 
SR_t60). As mentioned in Chapter 4, section 4.4, Prevotella are generally major contributors to 
the rumen bacterial community, which was also supported by these results. Studies into the role of 
Prevotella in the rumen, suggest that they are suited to breaking down the less structural 
hemicellulosic components of plant material as well as contributing to protein breakdown (Griswold 
et al., 1999; Dodd et al., 2010a; Purushe et al., 2010). Though these populations were the most 
abundant, it does not necessarily mean that they were the most active. Some of the more dominant 
populations such as SR_c51 in the control sheep and SR_c35 in the H57 fed sheep dropped in 
relative expression, whilst some of the less abundant populations seem to increase in expression 
relative to their abundance (Fig 5.3). This includes the Butyrivibrio population (SR_c21) in the 
control sheep, whilst in the H57 fed sheep Lachnospiraceae (SR_t38) as well as Solobacterium 
(SR_t134) increased in transcriptional activity. Though some populations varied in expression 
relative to their abundance, Fig 5.3 did show some populations to be highly abundant while also 
maintaining a high relative expression (SR_c46 in the control sheep and SR_t60 in the H57 fed 
sheep). This suggests that these populations may contribute highly to the differences that were 
observed in sheep of each treatment group. 
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Looking at variations in gene expression between the population genomes, it was found that 
the different lineages tend to form functional guilds, as demonstrated in Fig 5.4. This suggests that 
the different lineages are most likely responsible for specific roles within the rumen, and these roles 
are essential to the digestion process. Within the Bacteroidetes and Firmicutes guild it was noticed 
that there are activity hubs in which the populations clustered as they increased in abundance (Fig 
5.4). This suggests that the associated activity within each activity hub is an essential function 
performed by that guild within the rumen. 
 
5.4.3 Population genome representation of differentially expressed genes 
As mentioned in section 5.3.3, there were a number of enzymes involved with carbohydrate 
metabolism and energy production that were differentially expressed in the H57 fed sheep. These 
genes of interest are primarily involved with breaking down hemicellulose components. 
Hemicelluloses are heterogeneous polymers that contribute about 20-30% of lignocellulosic 
biomass (Saha, 2003). They are primarily composed of pentose’s such as xylose and arabinose 
which differ in composition according to the source, whether it be grasses, cereals, soft wood or 
hardwood (Saha, 2003). Hemicellulose therefore provides an important energy source for ruminants 
such as sheep and cattle. In this study, the expression of differentially abundant gene families such 
as α-galactosidase (COG 3345) and L-arabinose isomerase (COG 2160) is primarily performed by a 
Lachnobacterium sp. (SR_t49), although Prevotella spp. (SR_t60, SR_t35 and SR_t183) also 
contribute (Fig 5.5). In the control sheep these enzymes are expressed to a significantly lesser 
extent, primarily by Prevotella sp. SR_c51. 
 β-xylosidase (COG 3507), a gene family involved with hemicellulose digestion is also 
expressed by Lachnobacterium sp. (SR_t49) in the H57 fed sheep, though Prevotella spp. (SR_t60 
and SR_t35) contribute a greater portion of gene expression. In most cases it is Lachnobacterium 
and Prevotella that are primarily responsible for expressing these differentially expressed genes. As 
Prevotella are known hemicellulolytic organisms it is unsurprising that they are involved with 
expressing these hemicellulolytic gene families, although it is interesting that the Prevotella 
dominant in the H57 fed sheep are more active in this role compared to those dominant in the 
control sheep. This is the first description of Lachnobacterium playing a potentially important role 
in hemicellulose digestion. The metatranscriptomic data is limited to identifying enzymes that are 
expressed and not whether they are active or not. To identify whether hemicellulolytic enzymes are 
more active in the H57 fed sheep further enzymatic assays specific for hemicellulolytic enzymes 
would need to be performed. Due to time and funding constraints these assays were unable to be 
performed. 
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When viewing the population contribution to glycolysis enzymes (Fig 5.6), the same two 
Prevotella populations (SR_t35 and SR_t60) that were contributing to the expression of 
hemicellulolytic gene families also contribute to nearly every step within the glycolysis pathway, 
with the Lachnobacterium (SR_t49) also showing high expression of several enzymes. The 
glycolysis pathway is an important intermediate as glucose is converted to pyruvate, which is then 
fermented into energy substrates (of value to the host animal) such as VFA’s. Therefore an increase 
in glycolysis activity of the H57 fed sheep could contribute to an increase in weight gain by the 
sheep, as was observed. 
 
5.5 Conclusion 
To conclude, it was found that the addition of H57 to the diet of pregnant sheep caused significant 
changes in both rumen community structure and function, which may have played a role in the 
observed weight gain of H57 fed ewes relative to control sheep. In both instances a member of the 
Prevotella genus was the most abundant, though analyses into the population genomes shows the 
Prevotella within the control sheep to be a different species to that of the H57 fed sheep. In terms of 
key changes in functional activity as estimated through MT profiling, an abundance of enzymes 
associated with breaking down hemicellulosic carbohydrates in the H57 fed sheep was the major 
observation. There was also an abundance of glycolytic enzymes in the H57 sheep, which together 
suggests that by feeding H57 to sheep, the microbial community becomes enriched in 
hemicellulolytic bacteria that are enzymatically active in breaking down non-structural 
carbohydrates into energy substrates. These energy substrates are then available for the sheep to use 
for growth and development. 
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6 General discussion and conclusions 
This thesis contributes to understanding the mechanism in which H57 benefits ruminants. Probiotics 
are being increasingly used as alternatives to antibiotics as animal growth promotants. Use of low 
doses of antibiotics for growth promotion in agricultural animal (Stokstad and Jukes, 1950) has led 
to an increase in antibiotic resistant organisms (Aarestrup, 1995). Feeding agricultural animals a 
live probiotic, promotes growth without the dangers of increasing antibiotic resistance (Adams et 
al., 2008; Boyd et al., 2011). 
 The probiotic B. amyloliquefaciens H57 fed to ruminants significantly increased weight gain 
compared to control animals (Le et al., 2016b; Le et al., 2016a). As an aerobic organism, it was not 
expected that H57 would colonise an anaerobic environment such as the rumen. This begs the 
question, that if H57 is unable to grow anaerobically, how does it benefit these animals? From 
sequencing the genome of H57 (Chapter 3) it was found that H57 possesses the respiratory nitrate 
reductase genes (narGHJI) and the transcriptional regulator fnr involved with nitrate reduction. 
Nakano and Zuber (1998) describe a close relative of H57, B. subtilis, as being capable of anaerobic 
growth through the reduction of nitrate. Nitrate potentially acts as an alternate electron acceptor for 
the regeneration of essential cofactors in the absence of oxygen. Though H57 has shown the genetic 
capacity for anaerobic respiration, it is still unknown whether those genes are expressed while in the 
rumen. A study on hydrocarbon plume samples from the Deepwater Horizon oil spill in the Gulf of 
Mexico revealed the genetic potential for the degradation of non-gaseous recalcitrant compounds 
such as benzene and toluene. However, it was found that these gene pathways were not expressed 
with metatranscriptomic analysis of the same samples (Mason et al., 2012). Therefore to determine 
if H57 is likely to utilise it’s genetic potential to grow anaerobically using nitrate reduction, an in 
vitro growth trial was conducted (Chapter 2). The addition of a mainly spore H57 inoculum to a 
simulated rumen environment, did not show any evidence that the spores germinated and vegetative 
cells multiplied. This suggests that H57 may not be influencing the animals directly by colonising 
the rumen, but instead have an indirect effect while still in the spore form. 
The ability to form spores is an evolutionary adaptation that allows H57 to survive in times 
of stress, such as that caused by starvation, heat, UV radiation and oxidative agents (Riesenman and 
Nicholson, 2000; Setlow et al., 2006). Spores are considered to be metabolically inactive and 
unable to transcribe the antimicrobial compounds and enzymes that may be responsible for the 
probiotic effect. For H57 to express these various compounds the spore would need to germinate 
into a vegetative cell. However, it is possible that extracellular compounds produced during 
fermentation and carried over with the inoculum are responsible for the benefits of H57. The spore 
coat of B. subtilis can act as a carrier of various enzymes, antigens and even vaccines (Huang et al., 
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2010; Lee et al., 2010; Potot et al., 2010). The feed enzymes phytase and E. coli β-glucuronidase 
were successfully displayed on the spore surface of B. subtilis and retained their enzymatic activity 
by fusing with spore coat proteins CotG and OxdD (Potot et al., 2010). Enzymes attached to the 
spore coat are stabilised under damaging conditions, such as high temperatures and low pH (Sirec et 
al., 2012). The enzyme β-galactosidase retained its activity after being exposed to temperatures of 
up to 80°C and pH as low as 4 when adsorbed onto B. subtilis spores (Sirec et al., 2012).These 
examples suggest that enzymes and extracellular compounds produced during fermentation may 
become stabilised on the spore coat of H57 and thus able to survive the harsh conditions of feed 
pelleting and the ruminant gastrointestinal tract. As described in Chapter 3, H57 has the genetic 
capacity to produce a variety of antimicrobial compounds. If these antimicrobial compounds, 
produced during cultivation, were to fuse to the spore coat, they could become stabilised during the 
feed pelleting process. This may allow them to maintain their enzymatic activity as they are 
ingested and within the rumen, potentially inhibiting pathogenic or production limiting organisms. 
H57 is also capable of producing a number of carbohydrate degrading enzymes such as α-amylase, 
β-glucosidase, β-galactosidase, arabinase and xylosidase (Chapter 3). The stabilisation of these 
enzymes may assist with the digestion process resulting in the increased weight gain observed in the 
experimental animals. 
For ruminants, a complex community of microorganisms within the rumen is primarily 
responsible for digesting the various components of plant material. Of the rumen microorganisms, 
bacteria are the most abundant with concentrations 105 times higher than fungi or protozoa (de 
Almeida et al., 2012; Gürelli et al., 2016; Rira et al., 2016). The various types of rumen bacteria 
work together to ferment the various plant substrates into energy compounds utilised by the host for 
growth and development. It was thought that H57 might benefit ruminants by influencing the rumen 
microbial community to more efficiently digest plant material. The results of this study showed that 
when added to a poor quality feed (based on palm kernel meal) and fed to sheep during pregnancy, 
H57 caused a significant change in the rumen bacterial community (Chapter 4). In both the control 
and H57 fed sheep the dominant populations were Prevotella, though they were classified as 
different OTUs. Prevotella species are a dominant population in the rumen and can contribute 42% 
to 60% of the total bacterial population (Stevenson & Weimer, 2007; Castro-Carrera et al., 2014). 
In the rumen the best characterised Prevotella species are P. ruminicola and P. bryantii, known for 
their hemicellulolytic and proteolytic role in rumen digestion (Griswold et al., 1999; Dodd et al., 
2010a).  
To further understand the functional differences caused by variations in rumen microbiome 
populations, shotgun metagenomic and metatranscriptomic sequencing was performed. From 
metagenomic sequencing data, the genomes of dominant populations were assembled providing 
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information for their potential activity within the rumen. Chapter 5, Fig 5.2 shows that there were 
few differences in functional categories between the metagenomes of the control and H57 fed 
sheep. But there was however, considerable differences in the metatranscriptome, particularly in the 
categories involved with energy production and conversion (C); carbohydrate transport and 
metabolism (G); and translation, ribosomal structure and biosynthesis (J). This suggests that the 
microbial communities of both the control and H57 fed sheep have similar functional potential; 
though the functional activity of the H57 fed sheep for these categories are considerably higher. 
The genes that were differentially expressed in the H57 fed sheep were identified and those 
of particular interest were mapped against the assembled population genomes (Chapter 5, Fig 5.5). 
Of the differentially expressed genes there were a number that are involved with carbohydrate 
metabolism, including β-glucosidase/β-galactosidase, α-galactosidase, L-arabinose isomerase, β-
xylosidase and ABC sugar transporters. Most of these genes are involved with hemicellulose 
degradation suggesting that the H57 fed sheep are more active in breaking down the less structural 
components of the plant cell wall, providing more substrates to be utilised for energy production. 
This is further supported with the up-regulation of nearly the entire glycolysis pathway in H57 fed 
sheep. In the H57 fed sheep, the population primarily responsible for expressing up-regulated 
carbohydrate degrading enzymes is the Lachnobacterium species SR_t49 (Chapter 5, Fig 5.5). 
Prevotella genomes also contribute to carbohydrate metabolism with SR_t35 and SR_t60 as the 
primary contributors. These Prevotella genomes are also highly active in glycolysis with dominant 
expression in almost every enzymatic step (Chapter 5, Fig 5.6). 
In the control sheep the population that contributes the most to these differentially expressed 
genes is Prevotella SR_c51. A concatenated alignment of 99 single copy marker genes obtained 
from the NCBI RefSeq database (release 76) shows population SR_c51 to be most closely related to 
P. ruminicola and P. brevis (Appendix 4, Fig S5.1). Studies into the degradation of hemicellulose 
by P. ruminicola strains showed low activity for degrading intact forage hemicelluloses when 
grown as a pure culture (Coen & Dehority, 1970; Fondevila & Dehority, 1994). However, when co-
cultured with cellulolytic bacteria such as Fibrobacter succinogenes and Ruminococcus 
flavefaciens, a synergistic effect was observed with greater degradation of forage hemicellulose. It 
was postulated that for P. ruminicola to have greatest effect in degrading hemicellulose, the 
hemicellulose must first be depolymerised from the intact forage (Fondevila and Dehority, 1994). It 
is possible that the dominant Prevotella populations in H57 fed sheep (SR_t35 and SR_t60) are 
capable of depolymerising the intact forage hemicellulose without the help of cellulolytic bacteria 
thus providing a more efficient digestion. Digestibility experiments to assess the degradation of 
cellulose and hemicellulose in H57 fed animals would prove beneficial to support these hypotheses, 
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although time constraints and lack of funding prevented these experiments from being performed in 
the current study.  
It is also possible that H57 may partially digest the fodder material, in this case pellets, 
before ingestion, making the hemicellulose more accessible to degradation. This would explain why 
the rumen bacteria in H57 fed sheep are more active in hemicellulose digestion. 
In the dairy calves only sequencing of the 16S rRNA gene amplicon was performed to 
identify differences in rumen bacterial communities. The lack of differences in the bacterial 
community of the calves was unexpected as the H57 fed calves like the sheep, showed a significant 
increase in weight gain (Le et al., 2016b). It is however possible, that even though there were no 
taxonomical difference between treatment groups there could potentially be differences in 
functional activity. To determine whether this is the case, sequencing of the metatranscriptome 
would need to be performed. 
The rumen microbial community primarily consists of prokaryotes, both bacteria and 
archaea, which is why this thesis mainly looked at the changes in the prokaryotic community. But 
the rumen also contains large fungal and protozoan populations, which contribute to the digestion of 
plant matter, though the fungi in particular play a fibrolytic role, concentrating on the more 
structural components of the plant cell wall (Akin and Borneman, 1990; Sridhar and Kumar, 2010). 
It would be of benefit in future to look at these other populations within the rumen and how they are 
influenced by H57, especially as H57 was first isolated for its ability to inhibit the growth of fungi 
on animal feed (Brown & Dart, 2005). If rumen fungi were to be inhibited, then their fibrolytic role 
would need to be performed by other organisms. These replacement fibre-degrading organisms may 
provide a more efficient digestion, resulting in the increased weight gain observed. 
To conclude, this study showed that the addition of H57 to the diet of pregnant Dorper ewes 
was able to influence the rumen bacterial community. Doing so resulted in an increased activity of 
hemicellulose degrading and glycolytic enzymes. This suggests that sheep fed H57 are potentially 
more efficient in digesting plant material into energy substrates to be utilised by the host.  
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Appendix 1: Supplementary material for Chapter 2 
Table S2.1: Fermentation broth (Bullard, G., personal communication). 
Components Quantity 
Soytone 50 g 
Yeast Extract 20 g 
K2HPO4 90 g 
KH2PO4 30 g 
MgSO4.7H2O 5 g 
CaCO3 10 g 
CaCl2 1 g 
Na2CO3 1 g 
FeCl2 1 g 
Na2SO4 1 g 
MnSO4 3 g 
H3BO3 0.1 g 
dH2O 9 L 
Autoclaved for 60 min at 121°C 
Prepared separately 
Sucrose 50 g 
Glucose 50 g 
dH2O 1 L 
Autoclaved for 20 min at 121°C 
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Figure S2.1: Dimensional specifications drawing of drum fermentor. 
(1) Auxiliary port; (2) Vessel lid ø 65 mm; (3) Air valve; (4) Harvesting port; (5) Tubing for sparger; (6) Sparger. All 
measurements are in millimetres.  
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Figure S2.2: Dimensional specifications drawing of 100 L fermentor. 
(1) Vessel; (2) Jacket; (3) Impeller motor; (4) Impeller; (5) Baffle; (6) Sparger; (7) Fermentor stand; (8) Fermentor lid; 
(9) Viewing glass; (10) Inlets ø 25 mm; (12) Air filter in; (13) Air filter out; (14) Safety valve; (15) Valve for outgoing 
air; (16) Temperature pocket; (17) Steam/cooling water to jacket; (18) Steam/cooling water from jacket; (19) 
Manometers steam, air. All measurements are in millimetres. Drawing produced by Real Time Engineering 
(Warriewood, NSW, Australia). 
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Table S2.2: Salt solution A (Joblin, 2005b). 
Components Quantity 
KH2PO4 3 g 
NaCl 6 g 
(NH4)2SO4 3 g 
CaCl2.2H2O 0.3 g 
MgSO4.7H2O 0.3 g 
dH2O 1 L 
Stir to dissolve and store at 4°C  
 
Table S2.3: Salt solution B (Joblin, 2005b). 
Components Quantity 
K2HPO4 3 g 
dH2O 1 L 
Autoclaved for 20 min at 121°C 
 
Table S2.4: Volatile fatty acid solution, pH 7.5 (Shu et al., 1999). 
Components Quantity 
Acetic acid 170 mL 
Propionic acid 60 mL 
Butyric acid 40 mL 
Isobutyric acid 10 mL 
n-Valeric acid 10 mL 
Isovaleric acid 10 mL 
D-L-α-Methyl butyric acid 10 mL 
dH2O ~500 mL 
Adjust pH to 7.5 using NaOH pellets 
Add dH2O to 1 L and store at 4°C 
 
Table S2.5: Survivability of Bacillus amyloliquefaciens H57 inoculum after long-term storage at room temperature.  
Run Initial cfu counta (/g) Repeat cfu counta (/g) Time between counts 
(years) 
3 5.35 x 109 ± 16% 1.77 x 1010 ± 3% 3.29 
6 2.91 x 1010 ± 16% 2.20 x 1010 ± 4% 3.06 
7 2.40 x 1010 ± 9% 2.33 x 1010 ± 1% 3.02 
8 2.95 x 1010 ± 2% 2.23 x 1010 ± 4% 2.41 
12 8.70 x 109 ± 7% 1.51 x 1010 ± 6% 1.57 
13 4.10 x 1010 ± 6% 3.23 x 1010 ± 4% 1.21 
a Counts are average cfu spore counts  ± SEM as a percentage of the average count 
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Appendix 2: Supplementary material for Chapter 3 
Published article incorporated as Chapter 3
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Introduction (heading level 1) 
Bacillus amyloliquefaciens species have been taxonomically classified as part of the Bacillus 
subtilis group. Members of this group share substantial morphological similarities and near 
identical (98.1%-99.8%) 16S rRNA gene sequences [1]. Other members of the Bacillus 
subtilis group include B. subtilis, B. atrophaeus, B. licheniformis, B. sonorensis, B. 
tequilensis, B. vallismortis, and the B. mojavensis subgroup. The production of bioactive 
metabolites, the ability to form spores and a lack of pathogenicity make members of the 
Bacillus subtilis group ideal candidates for use as probiotics. Strains of B. amyloliquefaciens 
synthesise non-ribosomal bioactive lipopeptides such as surfactin, fengycin, bacillomycin D 
and members of the iturin family [2-4]. These lipopeptides have demonstrated activity as 
antimicrobials and inhibit a wide range of bacterial and fungal pathogens [3,5]. 
The strain B. amyloliquefaciens H57 (H57 hereafter) was first isolated in the search for a 
biological control agent to prevent fungal spoilage of hay [6]. Due to its spore forming ability 
and production of antimicrobial compounds, H57 was revealed as the best candidate of a 
panel of isolates for commercialisation as a spoilage control agent under the product name 
HayRite™. Importantly, sheep and cattle fed on HayRite™ treated feed showed an increase 
in digestibility and nitrogen retention leading to increased live weight gain [6]. This new 
development into the potential of H57 to act as a probiotic has led to further investigation of 
this strain. 
Here, we present a summary description of the classification and features of H57, along with 
a sequencing description and annotation summary. The availability of a genome sequence for 
H57 will facilitate research into the probiotic effects observed in animals treated with this 
bacterium. 
 151 
Organism Information (heading level 1) 
Classification	and	features	(heading	level	2)	
A near-complete 16S rRNA gene was identified in the H57 genome, which by BLAST [7] is 
most closely related (99% identical) to other B. amyloliquefaciens strains including FZB42 
(B. amyloliquefaciens subsp. plantarum; acc. NR075005.1), HPCAQB14 (acc. KF861603.1) 
and SB 3200 (acc. GU191911.1). Comparison of the average read coverage of the genome and 
16S rRNA gene, suggests that H57 has 13 copies of the rRNA operon. A concatenated 
alignment of 99 single copy marker genes obtained from publicly available Bacillus genomes 
using HMMER [8] confirmed the classification of strain H57 as a member of the species B. 
amyloliquefaciens (Figure 1). 
H57 is a Gram-positive rod shaped bacterium averaging 2.5 µm in length and 1 µm in width 
(Figure 2 D). It is an aerobic spore forming bacterium that is motile with peritrichous flagella. 
H57 spores are centrally located and average 1.25 µm in length (Figure 2 B). Optimum 
growth occurs at a temperature of 29 °C and pH 7.0 (Table 1). The colony morphology of 
strain H57 is circular convex with undulate margins. When grown on a nutrient agar plate, 
colonies are an off-white colour as shown in Figure 2 C. 
Genome sequencing information (heading level 1) 
Genome	project	history	(heading	level	2)	
Strain H57 was selected for sequencing due to its ability to act as a probiotic in agricultural 
animals. The draft genome was deposited in GenBank under the accession number 
LMUC00000000. Genome sequencing and assembly was performed at the Australian Centre 
for Ecogenomics, The University of Queensland. Gene annotation was performed using the 
AnnotateM script [27]. A summary of the project is shown in Table 2 using MIGS version 
2.0 [11] criteria. 
 
Growth	conditions	and	genomic	DNA	preparation		(heading	level	2)	
Genomic DNA of H57 was isolated from a freeze-dried product of H57 spores combined 
with sodium bentonite (1:1). DNA was extracted from the H57 spores using the ‘Repeated 
Bead-beating and Column Extraction’ method described by Yu and Forster (2005) [28]. In 
brief, 0.1 g of sporulated product was added to 1 mL of lysis buffer (2.9% NaCl, 0.6% Tris, 
0.05M EDTA pH 8.0 and 4% SDS) in a cryotube containing 0.5 g zirconia beads (BioSpec 
Products Inc., Bartlesville, USA). The sample was then homogenised in a mini bead beater 
16 (BioSpec Products Inc., Bartlesville, USA) for 2 cycles of 3 min. Between cycles the 
samples were incubated for 15 min at 70 °C, centrifuged (13,200 rpm for 5 min at 4 °C) and 
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supernatant transferred to a fresh tube. Following bead beating further extraction was 
performed on the supernatant using the QIAGEN QIAmp DNA Mini Kit as per kit 
instructions (QIAGEN, Doncaster, VIC). 
 
Genome	sequencing	and	assembly	(heading	level	2)	
The genome of H57 was sequenced on an Illumina MiSeq sequencing platform (Illumina, 
Inc. San Diego, CA). DNA libraries were prepared using the Nextera® XT DNA Library 
Preparation Kit (Illumina, San Diego, CA) according to the manufacturer’s instructions. An 
input of 1 ng was used to prepare DNA libraries, which was then cleaned using Agencourt 
AMPure XP beads (Beckman Coulter, Brea, CA, USA). The purified PCR product was then 
size selected for amplicons with a size between 300 bp and 800 bp. Illumina paired-end 
sequencing was performed, producing a total of 1,351,526 reads. Primer and adaptor 
sequences were removed using Trimmomatic v0.32 [29] resulting in an average read length 
of 256 bp. Reads were assembled using SPAdes 3.0.0. [30]. The H57 genome was obtained 
in 16 contigs ranging in size from 701,147 bp to 10,158 bp with a combined length of 
3,958,833 bp. Genome completeness and contamination was estimated using CheckM 
version 1.0.0, indicating that the genome was near complete (99.51%) with no detectable 
contamination (0%) [31]. 
 
Genome	annotation		(heading	level	2)	
Gene annotation was achieved using a combination of protein databases via AnnotateM 
Version 6.0 [27]. Open reading frames were initially generated using PROKKA [32]. The 
resulting protein sequence was then searched against the IMG, Uniref, COG, PFAM and 
TIGRfam databases [33-37] to identify homologous genes. The software ProteinOrtho [38] 
was used to identify orthologous genes to other known B. amyloliquefaciens strains for 
further comparison. Genes unique to H57 were compared against the KEGG gene database 
[39] to identify metabolic functions. 
Genome Properties  (heading level 1) 
The draft genome assembly of H57 consists of sixteen contigs totalling 3,958,833 bp and a G 
+ C content of 46.42%, which is likely a slight underestimate of its genome size due to 
unresolved collapsed repeats, primarily rRNA operons (Table 3). With a coding region of 
3,549,557 bp, this assembly represents a total of 3,945 ORFs. Of those genes, 3,836 encode 
proteins and the remainder encode sixteen rRNAs (7 x 5S, 7 x 16S and 2 x 23S), 68 tRNAs 
and 24 other RNA genes (Table 3). Of the annotated genes, the majority were assigned a 
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putative function (80.66%) with 69.81% assigned into Clusters of Orthologous Groups, 
presented in Table 4. Of the 3,945 ORFs in the H57 genome, 3,751 were inferred to be 
orthologous to other B. amyloliquefaciens strains, including strains CC178, DSM7, XH7, 
TF28, Y2, IT-45, LFB112 and B. amyloliquefaciens subsp plantarum strains UCMB5113, 
FZB42, NAU-B3, YAU B9601-Y2, and TrigoCor1448. Of the 194 genes unique to H57, 
several appear to be involved in the degradation of aromatic compounds, more specifically 
the breakdown of 4-hydroxyphenylacetic acid. 
Insights from the genome sequence (heading level 1) 
Comparative analysis of the H57 genome indicates that its central metabolism is consistent 
with other strains of B. amyloliquefaciens. The presence of a complete TCA cycle and 
electron transport chain indicates the potential for aerobic respiration. H57 has a narGHJI 
operon and the transcriptional regulator fnr, suggesting that it is also capable of growing 
anaerobically using nitrate as an electron acceptor [40]. This capability would be required for 
H57 to grow in anoxic environments. 
The genome of H57 also encodes a number of enzymes involved in carbohydrate 
metabolism. A search against the carbohydrate-active enzyme database [41] reveals that H57 
is dominant in glycoside hydrolase families 1, 43 and 13 (Table 5). The GH 1 and GH 43 
families comprise enzymes that degrade the various sugar monomers of hemicellulose. This 
suggests that H57 may contribute to breaking down the less fibrous components of the plant 
cell wall. The abundance of GH 13 enzymes, which are a family of α-amylases, suggests that 
H57 also contributes to the breakdown of starch. The presence of these carbohydrate-
activated enzymes alludes to the notion that H57 may assist in the digestion of animal feeds 
by breaking down certain polysaccharides of the plant cell wall. 
Consistent with observed anti-fungal activity, the H57 genome encodes a broad range of 
antimicrobial compounds. These include genes for non-ribosomal synthesis of antimicrobial 
lipopeptides such as surfactin (srfABCD), iturin (ituABCD), bacillomycin D (bmyABC) and 
fengycin (fenABCDE). Surfactin is capable of inhibiting a wide range of microorganisms due 
to its ability to insert itself into the cell wall creating ion pores [42]. Bacillomycin D, iturin 
and fengycin all have demonstrated antifungal properties primarily based on their ability to 
disrupt the fungal cell wall [43-45]. The genes for the expression of antibiotic polyketides are 
also present on the H57 genome. These include the operons mlnABCDEFGHI, 
dfnABCDEFGHIJ and baeEDLMNJRS, which encode macrolactin, difficidin and bacillaene 
respectively. These compounds inhibit a wide range of microorganisms acting chiefly on 
preventing protein synthesis [46-48]. 
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Conclusions (heading level 1)  
The ~3.96 Mbp genome of B. amyloliquefaciens H57 reveals the basis of its antimicrobial 
nature and potential to survive and reproduce in anoxic animal gastrointestinal tracts. In 
common with other B. amyloliquefaciens strains, H57 encodes a wide range of antimicrobial 
compounds that explain its effectiveness as a biocontrol agent for fungi and other feed 
spoilage organisms. The production of these compounds may also contribute to the observed 
probiotic effect by inhibiting potentially pathogenic organisms creating a healthier microbial 
ecosystem. 
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Table 1. Classification and general features of Bacillus amyloliquefaciens strain H57 [11]  
MIGS ID Property Term 
Evidence 
codea 
 Classification Domain Bacteria TAS [12] 
  Phylum Firmicutes TAS [13-15] 
  Class Bacilli TAS [16,17] 
  Order Bacillales TAS [18,19] 
  Family Bacillaceae TAS [18,20] 
  Genus Bacillus TAS 
[18,21,22] 
  Species Bacillus amyloliquefaciens  TAS [23-25] 
  Strain: H57  
 Gram stain Positive IDA 
 Cell shape Rod/chains IDA 
 Motility Motile IDA 
 Sporulation Sporulating IDA 
 Temperature range Mesophilic IDA 
 Optimum temperature 29 °C IDA 
 pH  range; Optimum 5-9; 7 IDA 
 Carbon source Glucose, fructose, mannitol, sucrose, 
trehalose 
IDA 
MIGS-6 Habitat Leaves of Medicago sativa TAS [6] 
MIGS-6.3 Salinity Up to 6% (w/v) IDA 
MIGS-22 Oxygen requirement Aerobe IDA 
MIGS-15 Biotic relationship Symbiotic (beneficial) TAS [6] 
MIGS-14 Pathogenicity Non-pathogen NAS 
MIGS-4 Geographic location Gatton, QLD, Australia IDA 
MIGS-5 Sample collection 2001 IDA 
MIGS-4.1 Latitude 27° 32' 24'' S  IDA 
MIGS-4.2 Longitude 152° 20' 24'' E IDA 
MIGS-4.4 Altitude 89 m  IDA 
a Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report 
exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly observed for the living, isolated 
sample, but based on a generally accepted property for the species, or anecdotal evidence). These evidence 
codes are from the Gene Ontology project [26]. 
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Table 2. Project information. 
MIGS ID Property Term 
MIGS 31 Finishing quality Draft 
MIGS 28 Libraries used Illumina paired end library (256 bp insert size) 
MIGS 29 Sequencing platforms Illumina MiSeq 
MIGS 31.2 Fold coverage 49× 
MIGS 30 Assemblers Spades 3.0.0. 
MIGS 32 Gene calling method PROKKA 
 Locus tag Ga0082361 
 Genbank ID LMUC00000000 
 GenBank Date of Release 04/04/2016 
 GOLD ID Ga0082361 
 BIOPROJECT PRJNA300579 
MIGS 13 Source material identifier Bacillus amyloliquefaciens H57 
 Project relevance Probiotic, Agriculture 
 
Table 3. Genome statistics. 
Attribute Value % of Total 
Genome size (bp) 3,958,833 100 
DNA coding (bp) 3,549,557 89.66 
DNA G + C (bp) 1,837,549 46.42 
DNA scaffolds 16 100 
Total genes 3,945 100 
Protein coding genes 3,836 97.24 
RNA genes 109 2.76 
Pseudo genes 0 0 
Genes with internal clusters 387 9.81 
Genes with function prediction 3,182 80.66 
Genes assigned to COGs 2,754 69.81 
Genes with Pfam domains 3,364 85.27 
Genes with signal peptides 191 4.84 
Genes with transmembrane helices 1,046 26.51 
 CRISPR repeats 0 0 
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Table 4. Number of genes associated with general COG functional categories. 
Code Value %agea Description 
J 136 3.48 Translation, ribosomal structure and biogenesis 
A 0 0 RNA processing and modification 
K 89 2.23 Transcription 
L 95 2.43 Replication, recombination and repair 
B 1 0.03 Chromatin structure and dynamics 
D 22 0.56 Cell cycle control, Cell division, chromosome partitioning 
V 17 0.44 Defence mechanisms 
T 58 1.48 Signal transduction mechanisms 
M 97 2.48 Cell wall/membrane biogenesis 
N 40 1.02 Cell motility 
U 37 0.95 Intracellular trafficking and secretion 
O 64 1.64 Posttranslational modification, protein turnover, chaperones 
C 92 2.35 Energy production and conversion 
G 109 2.79 Carbohydrate transport and metabolism 
E 160 4.09 Amino acid transport and metabolism 
F 62 1.59 Nucleotide transport and metabolism 
H 93 2.38 Coenzyme transport and metabolism 
I 53 1.36 Lipid transport and metabolism 
P 93 2.38 Inorganic ion transport and metabolism 
Q 30 0.77 Secondary metabolites biosynthesis, transport and catabolism 
R 203 5.19 General function prediction only 
S 238 6.09 Function unknown 
- 2169 55.49 Not in COGs 
aThe total is based on the total number of protein coding genes in the genome. 
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Table 5. Carbohydrate activated enzyme profile of glycoside hydrolases in H57. 
Family Known activity  %a 
GH16 
Xyloglucan, keratan-sulfate, endo-1,4-β-galactosidase, endo-1,3- β-glucanase, 
and others 2.5 
GH4 Maltose-6-phosphate glucosidase, α-glucosidase, α-galactosidase, and others 7.5 
GH5 Chitosanase, β-mannosidase, cellulase, glucan 1,3-β-glucosidase, and others 2.5 
GH13 α-amylase, pullulanase, cyclomaltodextrin glucanotransferase and others 10 
GH11 Xylanase 2.5 
GH23 Lysozyme type G and peptidoglycan lyase 2.5 
GH3 β-glucosidase, xylan 1,4-β-xylosidase, β-N-acetylhexosaminidase, and others 2.5 
GH126 Other 2.5 
GH18 Chitinase,  endo-β-N-acetylglucosaminidase, and others 7.5 
GH26 β-mannanase and β-1,3-xylanase 2.5 
GH53 Endo-β-1,4-galactanase 2.5 
GH51 α-L-arabinofuranosidase and endoglucanase 5 
GH1 β-glucosidase, β-galactosidase, β-mannosidase, and others 12.5 
GH73 Peptidoglycan hydrolase with endo-β-N-acetylglucosaminidase specificity 5 
GH30 Glucosylceramidase, β-1,6-glucanase, β-xylosidase 5 
GH32 Endo-inulinase, endo-levanase, exo-inulinase, and others 7.5 
GH46 Chitosanase 2.5 
GH109 α-N-acetylgalactosaminidase 5 
GH43 Arabinases and xylosidases 10 
GH68 Levansucrase, β-fructofuranosidase and inulosucrase 2.5 
  Total GH hits: 40 
 
Total ORFs: 3,828 
 % GH ORFs: 1.04 
a Percentage of total GH hits 
 
Figure legends 
 
Figure 1: Maximum likelihood tree showing the alignment of H57 with other Bacillus genomes. 
Alignment was performed using HMMER [8] whilst maximum likelihood was inferred using 
FastTree version 2.7.7 [9]. The inferred tree was visualised using ARB version 6.0.2 [10]. Bar: 0.1 
substitutions per nucleotide position. 
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Figure 2: Cellular and colony morphology of B. amyloliquefaciens H57. 
A) Vegetative H57 cells at 1000x magnification captured with a Nikon DS-Ri1 camera attached to a 
Nikon Eclipse 80i microscope under phase contrast B) H57 spores at 1000x magnification captured 
with a Leica DFC 500 camera attached to a Leica DM5500B compound microscope with Nomarski 
differential interference contrast C) Pure culture of H57 grown on nutrient agar plate D) Electron 
microscope image of a vegetative H57 cell showing numerous peritrichous flagella, negatively stained 
with phosphotungstic acid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bacillus megaterium DSM 319 (CP001982.1)
Bacillus subtilis BSn5 (CP002468.1)
Bacillus amyloliquefaciens Campbell F, DSM 7 (FN597644.1)
Bacillus amyloliquefaciens XH7 (NC_017191.1)
Bacillus amyloliquefaciens H57 (LMUC00000000)
Bacillus amyloliquefaciens plantarum YAU B9601−Y2 (NC_017061.1)
Bacillus amyloliquefaciens EGD−AQ14 (NZ_AVQH00000000.1)0.10
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Appendix 3: Supplementary material for Chapter 4 
Table S4.1: Average relative abundance of significantly different OTU’s in sheep rumen fluid. Values represented as 
percentage relative abundance ± SEM. P-value was determined by a Students T Test between each treatment group. 
Letter prefix (o, f, g, s) designates taxonomic level as Order, Family, Genus and Species respectively.  
Taxonomy (OTU ID) Wk 8 
Control 
Wk 8  
H57 
Wk 13 
Control 
Wk 13  
H57 
P-value 
(Wk 8) 
P-value 
(Wk 13) 
g_Acidaminococcus (4469345) 0.86% ± 0.17% 0.45% ± 0.1% 0.46% ± 0.23% 1.51% ± 0.14% 0.06 0.00 
g_Anaerovibrio (521200) 0.52% ± 0.19% 0.21% ± 0.1% 0.96% ± 0.21% 0.22% ± 0.05% 0.18 0.01 
f_Atopobiaceae; g_BKLE_g05 (New.OTU647) 0.52% ± 0.16% 0.4% ± 0.12% 0.28% ± 0.06% 0% ± 0% 0.56 0.00 
f_Atopobiaceae; g_BS-3 (4361768) 0.04% ± 0.01% 0.02% ± 0% 0.07% ± 0.02% 0.23% ± 0.05% 0.17 0.02 
f_Atopobiaceae; g_BS-3 (816299) 0.03% ± 0.01% 0.01% ± 0% 0.04% ± 0.01% 0.16% ± 0.03% 0.36 0.00 
f_Bifidobacteriaceae (New.OTU1137) 0.03% ± 0.01% 0.02% ± 0.01% 0% ± 0% 0.2% ± 0.08% 0.93 0.04 
g_Bulleidia (646411) 0.02% ± 0% 0.06% ± 0.02% 0% ± 0% 0.14% ± 0.05% 0.18 0.03 
g_Butyrivibrio (818289) 0.01% ± 0.01% 0% ± 0% 0.82% ± 0.41% 4.96% ± 1.83% 0.44 0.05 
g_Eubacterium;  (34061) 0.11% ± 0.04% 0.09% ± 0.03% 0.03% ± 0.01% 0.92% ± 0.2% 0.80 0.00 
f_Homeothermaceae; g_C941 (804995) 0.79% ± 0.13% 0.95% ± 0.34% 1.84% ± 0.86% 5.11% ± 1.18% 0.67 0.04 
f_Homeothermaceae; g_C941 (New.OTU327) 0.04% ± 0.02% 0.02% ± 0.01% 0% ± 0% 0.34% ± 0.08% 0.27 0.00 
f_Homeothermaceae; g_C941 (New.OTU936) 0.01% ± 0% 0.01% ± 0% 0.02% ± 0.01% 0.08% ± 0.01% 0.94 0.01 
g_Lachnospira (327730) 0.15% ± 0.02% 0.28% ± 0.05% 0.1% ± 0.05% 0.42% ± 0.1% 0.05 0.01 
f_Lachnospiraceae (811145) 0.02% ± 0.01% 0.02% ± 0.01% 0.14% ± 0.08% 0.82% ± 0.25% 0.99 0.03 
g_Methanobrevibacter (103975) 1.7% ± 0.74% 1.39% ± 0.38% 8.1% ± 2.34% 2.29% ± 0.62% 0.71 0.04 
g_Mitsuokella (119013) 0.04% ± 0.01% 0.01% ± 0.01% 0.08% ± 0.03% 0.35% ± 0.03% 0.19 0.00 
g_Mitsuokella (149335) 0.03% ± 0.01% 0% ± 0% 0.04% ± 0.01% 0.21% ± 0.02% 0.07 0.00 
g_Mitsuokella (150463) 0.01% ± 0% 0% ± 0% 0.01% ± 0% 0.07% ± 0.01% 0.06 0.00 
g_Mitsuokella (184067) 0.01% ± 0% 0% ± 0% 0.01% ± 0% 0.06% ± 0.01% 0.04 0.00 
g_Prevotella (314814) 0.07% ± 0.05% 0.38% ± 0.23% 0.63% ± 0.25% 0.01% ± 0% 0.22 0.04 
g_Prevotella (814711) 9.25% ± 2.8% 11.76% ± 3.59% 12.17% ± 3.35% 0.16% ± 0.15% 0.59 0.01 
g_Prevotella (New.OTU1098) 0.73% ± 0.69% 0.04% ± 0.04% 2.03% ± 0.81% 0.01% ± 0% 0.34 0.03 
g_Prevotella (New.OTU1199) 0.46% ± 0.19% 0.31% ± 0.1% 0.19% ± 0.07% 0% ± 0% 0.50 0.04 
g_Prevotella (New.OTU1171) 0% ± 0% 0% ± 0% 0% ± 0% 0.05% ± 0.01% 0.26 0.00 
g_Prevotella (New.OTU602) 0% ± 0% 0% ± 0% 0% ± 0% 0.26% ± 0.03% 0.36 0.00 
g_Prevotella (621578) 0.82% ± 0.33% 0.45% ± 0.16% 0.41% ± 0.16% 0.01% ± 0.01% 0.33 0.03 
g_Prevotella (216587) 13.75% ± 4.23% 4.73% ± 2.18% 0.72% ± 0.43% 31.02% ± 2.92% 0.08 0.00 
g_Prevotella (New.OTU1142) 0.01% ± 0% 0.01% ± 0% 0% ± 0% 0.02% ± 0.01% 0.98 0.04 
g_Prevotella (New.OTU351) 0.01% ± 0% 0% ± 0% 0% ± 0% 0.3% ± 0.04% 0.26 0.00 
g_Prevotella (New.OTU561) 0.04% ± 0.01% 0.01% ± 0.01% 0% ± 0% 0.36% ± 0.09% 0.21 0.00 
g_Prevotella (New.OTU826) 0% ± 0% 0% ± 0% 0% ± 0% 0.03% ± 0.01% 0.08 0.01 
g_Prevotella (214997) 0% ± 0% 0% ± 0% 0% ± 0% 0% ± 0% 0.34 0.00 
g_Prevotella (New.OTU178) 0.01% ± 0.01% 0% ± 0% 0% ± 0% 0.4% ± 0.05% 0.28 0.00 
g_Prevotella (New.OTU199) 0.1% ± 0.05% 0.16% ± 0.07% 0.1% ± 0.03% 3.86% ± 0.81% 0.56 0.00 
g_Prevotella (New.OTU694) 0.13% ± 0.08% 0.15% ± 0.06% 0.1% ± 0.03% 3.8% ± 0.82% 0.83 0.00 
g_Prevotella (New.OTU761) 0.01% ± 0% 0% ± 0% 0% ± 0% 0.6% ± 0.1% 0.70 0.00 
g_Prevotella (New.OTU917) 0% ± 0% 0% ± 0% 0% ± 0% 0.06% ± 0.02% 0.55 0.02 
g_Prevotella (New.OTU1087) 0.08% ± 0.03% 0.04% ± 0.02% 0% ± 0% 0.09% ± 0.03% 0.38 0.01 
g_Prevotella (New.OTU1195) 0.22% ± 0.1% 0.09% ± 0.05% 0.01% ± 0% 0.29% ± 0.08% 0.25 0.01 
g_Prevotella (New.OTU859) 0% ± 0% 0% ± 0% 0% ± 0% 0.03% ± 0% 0.54 0.01 
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g_Prevotella (4392899) 8.18% ± 2.64% 4.59% ± 1.59% 5.71% ± 1.93% 0.84% ± 0.3% 0.26 0.03 
g_Prevotella (647403) 8.34% ± 2.64% 5.01% ± 1.85% 8.17% ± 2.71% 1.18% ± 0.62% 0.31 0.03 
g_Prevotella (New.OTU459) 0.31% ± 0.14% 0.43% ± 0.2% 0.36% ± 0.08% 0.01% ± 0% 0.63 0.00 
g_Prevotella (New.OTU547) 0.25% ± 0.13% 0.09% ± 0.06% 0.01% ± 0.01% 0.33% ± 0.1% 0.31 0.01 
f_Prevotellaceae; g_F68 (New.OTU953) 0.32% ± 0.09% 0.24% ± 0.1% 0.3% ± 0.12% 3.82% ± 1.08% 0.59 0.01 
f_Prevotellaceae; g_YRC22 (New.OTU710) 0.3% ± 0.17% 0.32% ± 0.08% 0.56% ± 0.14% 0.1% ± 0.04% 0.93 0.01 
f_RC9; g_YRC16 (813783) 0.4% ± 0.12% 0.45% ± 0.16% 0.1% ± 0.02% 0.34% ± 0.1% 0.80 0.04 
g_Roseburia (195186) 1.71% ± 0.31% 1.52% ± 0.33% 0.61% ± 0.16% 3.95% ± 0.58% 0.69 0.00 
g_Roseburia (4463709) 3.95% ± 0.86% 3.61% ± 0.88% 1.6% ± 0.54% 9.87% ± 1.56% 0.79 0.00 
g_Succiniclasticum (551897) 0.47% ± 0.18% 0.64% ± 0.17% 1.29% ± 0.36% 0.1% ± 0.04% 0.51 0.01 
f_Succinivibrionaceae (9357) 6.26% ± 1.36% 11.7% ± 3.76% 6.38% ± 1.79% 1.21% ± 0.99% 0.20 0.02 
f_Succinivibrionaceae (New.OTU107) 0.13% ± 0.04% 0.52% ± 0.2% 0.02% ± 0% 0% ± 0% 0.09 0.04 
 
Table S4.2: Average relative abundance of significantly different OTU’s in calf rumen fluid. Values represented as 
percentage relative abundance ± SEM. P-value was determined by a Students T Test between wks 4 and 12. Letter 
prefix (o, f, g) designates taxonomic level as Order, Family and Genus respectively.  
Taxonomy (OTU ID) Wk 4 Control 
Wk 4 
H57 
Wk 12 
Control 
Wk 12  
H57 
P-value 
Wk 12 
g_Acidaminococcus (4469345) 3.19% ± 0.79% 2.68% ± 0.65% 0.49% ± 0.09% 0.63% ± 0.14% 0.00 
g_Acidaminococcus (New.OTU497) 0.31% ± 0.05% 0.27% ± 0.07% 0.01% ± 0% 0.01% ± 0% 0.00 
g_Alloprevotella (178296) 0.31% ± 0.17% 0.23% ± 0.08% 0% ± 0% 0% ± 0% 0.01 
g_Alloprevotella (2904926) 0.99% ± 0.52% 0.77% ± 0.28% 0.01% ± 0.01% 0% ± 0% 0.01 
g_Alloprevotella (New.OTU977) 0% ± 0% 0% ± 0% 0% ± 0% 0.01% ± 0% 0.02 
g_Alysiella (New.OTU477) 0.38% ± 0.15% 0.17% ± 0.07% 0% ± 0% 0% ± 0% 0.00 
f_Atopobiaceae; g_BS-3 (816299) 0.28% ± 0.1% 0.15% ± 0.05% 0.02% ± 0% 0.01% ± 0% 0.00 
g_Bulleidia (646411) 0.14% ± 0.03% 0.08% ± 0.02% 0.06% ± 0.01% 0.04% ± 0.01% 0.02 
g_Butyrivibrio (590263) 0.05% ± 0.03% 0.1% ± 0.06% 0.37% ± 0.13% 0.15% ± 0.07% 0.04 
g_Dialister (560502) 0.48% ± 0.1% 0.41% ± 0.16% 0.13% ± 0.02% 0.06% ± 0.01% 0.00 
g_Dialister (New.OTU539) 0% ± 0% 0% ± 0% 1.4% ± 0.33% 1.41% ± 0.29% 0.00 
g_Dialister (New.OTU809) 0% ± 0% 0% ± 0% 0.92% ± 0.23% 0.95% ± 0.2% 0.00 
f_Erysipelotrichaceae (4360942) 0.75% ± 0.2% 0.59% ± 0.28% 0.04% ± 0.01% 0.21% ± 0.14% 0.01 
g_Eubacterium (34061) 0.06% ± 0.01% 0.1% ± 0.04% 0.02% ± 0% 0.02% ± 0% 0.02 
c_Gammaproteobacteria (New.OTU299) 0.03% ± 0.02% 0.08% ± 0.03% 0.33% ± 0.04% 0.27% ± 0.09% 0.00 
o_Haloredivivales (AAWR02044341) 0.59% ± 0.26% 0.24% ± 0.04% 0.11% ± 0.04% 0.02% ± 0.01% 0.02 
f_Homeothermaceae; g_C941 (New.OTU944) 0.11% ± 0.04% 0.07% ± 0.01% 0.13% ± 0.01% 0.19% ± 0.03% 0.03 
f_Homeothermaceae; g_C941 (New.OTU496) 0.21% ± 0.07% 0.16% ± 0.03% 0.07% ± 0.02% 0.05% ± 0.01% 0.01 
f_Homeothermaceae; g_C941 (New.OTU327) 0.01% ± 0% 0.04% ± 0.02% 0.09% ± 0.03% 0.11% ± 0.03% 0.00 
f_Lachnospiraceae (43305) 0.04% ± 0.01% 0.32% ± 0.15% 0.91% ± 0.18% 0.5% ± 0.16% 0.00 
f_Lachnospiraceae (4469662) 0.11% ± 0.03% 0.15% ± 0.04% 0.04% ± 0.01% 0.04% ± 0.01% 0.00 
f_Lachnospiraceae (54116) 0.07% ± 0.03% 0.21% ± 0.09% 0.4% ± 0.08% 0.29% ± 0.07% 0.01 
f_Lachnospiraceae (811145) 0.05% ± 0.02% 0.01% ± 0% 0.12% ± 0.05% 0.13% ± 0.05% 0.02 
f_Lachnospiraceae (813337) 0.26% ± 0.05% 0.14% ± 0.02% 0.12% ± 0.01% 0.1% ± 0.02% 0.01 
f_Lachnospiraceae (New.OTU1228) 0% ± 0% 0.4% ± 0.39% 2.52% ± 1.44% 9.04% ± 4.68% 0.03 
f_Lachnospiraceae (New.OTU553) 0.09% ± 0.04% 0.08% ± 0.03% 0.34% ± 0.07% 0.17% ± 0.05% 0.00 
f_Lachnospiraceae (New.OTU98) 0% ± 0% 0.02% ± 0.02% 1.11% ± 0.57% 0.77% ± 0.5% 0.02 
g_Megasphaera (24370) 1.66% ± 0.44% 1.43% ± 0.38% 0.08% ± 0.02% 0.2% ± 0.11% 0.00 
g_Megasphaera (289947) 3.5% ± 0.74% 3.15% ± 0.88% 0.06% ± 0.01% 0.11% ± 0.04% 0.00 
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g_Megasphaera (336981) 0.94% ± 0.2% 0.76% ± 0.14% 0.34% ± 0.07% 0.57% ± 0.13% 0.01 
g_Megasphaera (4360228) 1.83% ± 0.34% 2.05% ± 0.48% 0.1% ± 0.03% 0.14% ± 0.04% 0.00 
g_Megasphaera (52166) 0.5% ± 0.19% 0.38% ± 0.11% 0.03% ± 0.01% 0.07% ± 0.03% 0.00 
g_Megasphaera (New.OTU665) 0.19% ± 0.06% 0.25% ± 0.09% 0% ± 0% 0% ± 0% 0.00 
g_Megasphaera (New.OTU674) 0.27% ± 0.08% 0.33% ± 0.1% 0% ± 0% 0.01% ± 0% 0.00 
g_Methanobrevibacter (103975) 0.4% ± 0.21% 0.35% ± 0.12% 4.56% ± 1.18% 3.53% ± 1.08% 0.00 
g_Mitsuokella (103616) 0.79% ± 0.29% 0.84% ± 0.36% 0.02% ± 0% 0.02% ± 0.01% 0.00 
g_Mitsuokella (119013) 1.43% ± 0.41% 1.39% ± 0.45% 0.04% ± 0% 0.06% ± 0.01% 0.00 
g_Mitsuokella (149335) 2.11% ± 0.56% 2.03% ± 0.68% 0.08% ± 0.01% 0.08% ± 0.01% 0.00 
g_Mitsuokella (150463) 1.97% ± 0.62% 2.31% ± 0.84% 0.1% ± 0.02% 0.09% ± 0.02% 0.00 
g_Mitsuokella (184067) 0.81% ± 0.23% 0.9% ± 0.29% 0.03% ± 0% 0.02% ± 0% 0.00 
g_Mitsuokella (New.OTU986) 0.24% ± 0.1% 0.27% ± 0.09% 0.05% ± 0.01% 0.04% ± 0.01% 0.00 
g_Mitsuokella (New.OTU334) 0.44% ± 0.1% 0.61% ± 0.15% 0.05% ± 0.02% 0.01% ± 0% 0.00 
g_Olsenella (27160) 2.08% ± 0.47% 1.3% ± 0.28% 0.75% ± 0.21% 0.28% ± 0.09% 0.00 
g_Olsenella (4432463) 1.08% ± 0.21% 1.26% ± 0.41% 0.9% ± 0.29% 0.27% ± 0.06% 0.04 
g_Phascolarctobacterium (22697) 5.83% ± 1.22% 5.01% ± 0.68% 0.73% ± 0.28% 0.07% ± 0.03% 0.00 
g_Phascolarctobacterium (New.OTU1010) 0.16% ± 0.11% 0.27% ± 0.11% 0.93% ± 0.23% 0.31% ± 0.07% 0.02 
g_Prevotella (45645) 0.48% ± 0.24% 1.72% ± 0.57% 2.45% ± 0.65% 1.97% ± 0.41% 0.03 
g_Prevotella (New.OTU422) 0.03% ± 0.02% 0.11% ± 0.03% 0.15% ± 0.03% 0.17% ± 0.04% 0.01 
g_Prevotella (New.OTU50) 0% ± 0% 0% ± 0% 2.55% ± 0.85% 2.19% ± 0.69% 0.00 
g_Prevotella (New.OTU791) 0% ± 0% 0% ± 0% 0.83% ± 0.27% 0.73% ± 0.22% 0.00 
g_Prevotella (New.OTU602) 0.2% ± 0.07% 0.16% ± 0.02% 0.01% ± 0% 0.02% ± 0% 0.00 
g_Prevotella (216587) 0.32% ± 0.24% 2.55% ± 1.26% 6.7% ± 1.8% 6.51% ± 1.3% 0.00 
g_Prevotella (2208) 0.47% ± 0.3% 0.21% ± 0.08% 1.4% ± 0.35% 2.48% ± 0.67% 0.00 
g_Prevotella (576321) 0.43% ± 0.16% 1.3% ± 0.53% 2.49% ± 0.61% 2.45% ± 0.37% 0.00 
g_Prevotella (New.OTU351) 0.01% ± 0% 0.02% ± 0% 0.12% ± 0.03% 0.12% ± 0.03% 0.00 
g_Prevotella (New.OTU373) 0.18% ± 0.09% 0.14% ± 0.03% 0.25% ± 0.06% 0.4% ± 0.08% 0.03 
g_Prevotella (New.OTU945) 0% ± 0% 0.01% ± 0.01% 0.24% ± 0.11% 0.31% ± 0.15% 0.01 
g_Prevotella (214997) 0.29% ± 0.17% 0.02% ± 0% 3.01% ± 1.11% 2.18% ± 0.86% 0.00 
g_Prevotella (New.OTU1011) 0% ± 0% 0% ± 0% 0.75% ± 0.18% 0.35% ± 0.1% 0.00 
g_Prevotella (New.OTU178) 0% ± 0% 0% ± 0% 0.14% ± 0.05% 0.1% ± 0.04% 0.00 
g_Prevotella (New.OTU199) 5.92% ± 1.67% 3.92% ± 0.89% 0.29% ± 0.07% 0.23% ± 0.05% 0.00 
g_Prevotella (New.OTU444) 0.25% ± 0.12% 0.43% ± 0.22% 0.03% ± 0.01% 0.06% ± 0.03% 0.03 
g_Prevotella (New.OTU648) 0% ± 0% 0% ± 0% 0.56% ± 0.14% 0.3% ± 0.09% 0.00 
g_Prevotella (New.OTU735) 0% ± 0% 0% ± 0% 1.18% ± 0.3% 0.56% ± 0.17% 0.00 
g_Prevotella (New.OTU761) 0.27% ± 0.09% 0.21% ± 0.03% 0.02% ± 0% 0.02% ± 0.01% 0.00 
g_Prevotella (New.OTU917) 0.28% ± 0.06% 0.28% ± 0.07% 0.01% ± 0% 0.01% ± 0% 0.00 
g_Prevotella (572743) 5.58% ± 1.36% 9.64% ± 1.6% 3.32% ± 0.52% 2.24% ± 0.34% 0.00 
g_Prevotella (New.OTU1087) 0.09% ± 0.02% 0.28% ± 0.04% 0.11% ± 0.01% 0.1% ± 0.01% 0.03 
g_Prevotella (New.OTU1195) 0.21% ± 0.05% 0.63% ± 0.11% 0.25% ± 0.03% 0.21% ± 0.03% 0.03 
g_Prevotella (New.OTU527) 0.13% ± 0.03% 0.23% ± 0.05% 0.05% ± 0.01% 0.03% ± 0.01% 0.00 
g_Prevotella (New.OTU859) 0.2% ± 0.06% 0.24% ± 0.06% 0.03% ± 0% 0.02% ± 0.01% 0.00 
g_Prevotella (206152) 0.89% ± 0.35% 0.38% ± 0.12% 2.85% ± 0.6% 2.29% ± 0.43% 0.00 
g_Prevotella (New.OTU547) 0.07% ± 0.04% 0.11% ± 0.05% 0.43% ± 0.08% 0.46% ± 0.06% 0.00 
g_Prevotella (New.OTU763) 0.07% ± 0.04% 0.03% ± 0.01% 0.32% ± 0.04% 0.53% ± 0.14% 0.00 
g_Prevotella (New.OTU270) 0% ± 0% 0.02% ± 0.02% 0.18% ± 0.09% 0.3% ± 0.17% 0.03 
f_Prevotellaceae; g_F68 (New.OTU953) 0.38% ± 0.08% 0.49% ± 0.21% 0.18% ± 0.01% 0.14% ± 0.03% 0.02 
f_RC9; g_YRC16 (813783) 1.24% ± 0.62% 0.55% ± 0.12% 0.23% ± 0.09% 0.09% ± 0.02% 0.03 
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f_RC9; g_YRC16 (805059) 0.76% ± 0.31% 0.65% ± 0.13% 0.12% ± 0.02% 0.08% ± 0.01% 0.00 
f_Ruminococcaceae (814665) 1.18% ± 0.41% 0.9% ± 0.33% 0.33% ± 0.03% 0.2% ± 0.02% 0.01 
g_Sharpea (714746) 4.3% ± 1.43% 4.07% ± 1.25% 0.52% ± 0.41% 0.55% ± 0.2% 0.00 
g_Shuttleworthia (New.OTU1156) 0% ± 0% 0.02% ± 0.02% 1.18% ± 0.33% 0.61% ± 0.24% 0.00 
f_Sinobacteraceae (New.OTU112) 0% ± 0% 0.03% ± 0.03% 0.18% ± 0.1% 0.3% ± 0.14% 0.02 
g_Sphaerochaeta (896381) 0.13% ± 0.08% 0.17% ± 0.06% 0.02% ± 0% 0.02% ± 0.01% 0.04 
f_Spirochaetaceae (New.OTU624) 0% ± 0% 0% ± 0% 0.32% ± 0.15% 0.39% ± 0.21% 0.01 
f_Succinivibrionaceae (805647) 2.46% ± 2.19% 7.49% ± 3.73% 23.34% ± 2.95% 23.87% ± 2.26% 0.00 
f_Succinivibrionaceae (New.OTU1212) 0.03% ± 0.03% 0.1% ± 0.05% 0.29% ± 0.02% 0.29% ± 0.02% 0.00 
f_Succinivibrionaceae (New.OTU3) 0.06% ± 0.05% 0.11% ± 0.04% 0.23% ± 0.03% 0.2% ± 0.03% 0.00 
f_Succinivibrionaceae (New.OTU671) 0.03% ± 0.02% 0.08% ± 0.03% 0.27% ± 0.03% 0.31% ± 0.04% 0.00 
o_Thiotrichales (New.OTU540) 0.03% ± 0.02% 0.07% ± 0.03% 0.27% ± 0.04% 0.26% ± 0.04% 0.00 
f_Veillonellaceae (45515) 0.02% ± 0% 0.49% ± 0.24% 2.14% ± 0.37% 1.73% ± 0.27% 0.00 
f_Veillonellaceae (661353) 0% ± 0% 0.09% ± 0.04% 0.26% ± 0.1% 0.38% ± 0.16% 0.01 
f_Veillonellaceae (807043) 0.59% ± 0.31% 0.45% ± 0.15% 0.14% ± 0.09% 0.05% ± 0.02% 0.03 
f_Veillonellaceae (820004) 1.36% ± 0.63% 0.87% ± 0.27% 0.31% ± 0.17% 0.2% ± 0.05% 0.02 
f_Veillonellaceae (New.OTU144) 0% ± 0% 0.07% ± 0.03% 0.88% ± 0.19% 0.57% ± 0.09% 0.00 
f_Veillonellaceae; g_LA2 (New.OTU366) 0% ± 0% 0.03% ± 0.02% 0.24% ± 0.03% 0.23% ± 0.04% 0.00 
f_Verrucomicrobiaceae (4429079) 0.35% ± 0.19% 0.26% ± 0.1% 0% ± 0% 0% ± 0% 0.01 
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Figure S4.1: Rarefaction analysis of sheep microbiomes. 
Green = Control ewes, Maroon = H57 fed ewes, dotted lines = week 8 samples, Solid lines = week 13 samples. 
Rarefaction analysis performed using R v3.1.2 (R Core Team, 2013). 
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Figure S4.2: Rarefaction analysis of calf microbiomes. 
Green = Control calves, Maroon = H57 fed calves, dotted lines = week 4 samples, Solid lines = week 12 samples. 
Rarefaction analysis performed using R v3.1.2 (R Core Team, 2013). 
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Figure S4.3: qPCR primer specificity against normal rumen microorganisms. Primers and probe used were Bacillus 
amyloliquefaciens species-specific primers as described by Yong et al. (2013). 
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Appendix 4: Supplementary material for Chapter 5 
 
Figure S5.1: Maximum likely-hood tree of sheep population genomes aligned against the NCBI RefSeq 76 database. Numbers 
in brackets show the NCBI whole genome sequencing designation. Scale bar: 0.1 substitutions per nucleotide position. Tree was 
aligned using HMMER v3.1b2 (Finn et al., 2011) and visualised using ARB v6.0.2 (Ludwig et al., 2004). 
